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Preface 



High speed ground traffic is strongly competitive to air traffic in densely pop- 
ulated areas like Europe or Japan. During the last decades, completely new 
technologies for high speed railway vehicles were developed. The primarily 
goals have been to achieve travelling speeds from 250 to 350 km/h and to 
guarantee safety of the passengers. In Germany these goals were met by the 
ICE train service starting in 1991. However, certain phenomena were not 
considered thoroughly during the development of high speed systems: track 
response, rail and wheel corrugation and noise generation. It turned out that 
there was a challenge for interdisciplinary research bringing together civil and 
mechanical engineers dealing with railway problems. 

In 1996 the Deutsche Forschungsgemeinschaft (German Research Council) 
accepted the proposal initiated by Professors K. Knothe (Berlin), P. Meinke 
(Stuttgart) and K. Popp (Hannover) for a Priority Programme devoted to 
System Dynamics and Long- Term Behaviour of Vehicle, Track and Subgrade. 

The aims of the Priority Programme were to contribute to a better under- 
standing of the dynamic interaction of vehicle and track and the long-term 
behaviour of the components of the entire system. So far, the approach has 
been to increase speed, traction and axle-load by optimizing sub-systems. 
However, the entire system has revealed new limitations: settlement and de- 
struction of the ballast and the subgrade lead to deterioration of the track; 
irregular wear of the wheels cause an increase in overall load and deteriora- 
tion of passengers’ comfort; damage of the running surfaces of the rail and 
the wheel becomes more frequent. 

The research was based on four main issues. Non-linear behaviour of 
the ballast was investigated experimentally in laboratories and simulated 
by new material-laws and multi-particle computer models. The coupling of 
the track-model and the subgrade was defined using various methods. Phe- 
nomena occurring in the contact area of wheel and rail were numerically 
and experimentally analyzed, also by using a virtual measurement device on 
the moving train. Dynamic models of the entire system were thought to ex- 
plain the phenomenon of poly gonalizat ion of the wheels. It was expected that 
the interdisciplinary and fundamental research will result in physical expla- 
nations and subsequently will lead to engineering developments which will 
allow long-lasting solutions. 
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All the aforementioned engineering problems have been investigated in 
the Priority Programme SPP 1015 with research activities financially sup- 
ported by the Deutsche Forschungsgemeinschaft (DFG) from 1996 to 2002. 
The research comprised 22 interconnected projects conducted at 16 German 
universities and research institutions. The research activities were organized 
in the following sections: 

• Vehicle Dynamics (coordinator: P. Meinke, Stuttgart) 

— Wavy wear pattern on the tread of railway wheels (E. Brommundt, 
Braunschweig) 

— Distributed numerical calculations of wear in the wheel-rail contact 
(K. Frischmuth, Rostock) 

— Modeling and simulation of the mid-frequency behaviour of an elastic 
bogie (K. Popp, Hannover) 

— Rotor dynamics and irregular wear of elastic wheelsets (P. Meinke, 
Stuttgart) 

— System dynamics of railcars with radial- and lateralelastic wheels 
(W. Schiehlen, Stuttgart) 

• Contact, Friction, Wear (coordinator: B. Zastrau, Dresden) 

— Model-based validation within the rail- wheel-subgrade modeling 
(D. Soffker, Duisburg) 

— Friction and wear of tractive rolling contacts (L. Deters, Magdeburg) 

— Experimental analysis of the cyclic deformation and damage behavior 
of characteristic wheel and rail steels (K.-H. Lang, Karlsruhe) 

— On the numerical analysis of the wheel-rail system in rolling contact 
(B. Zastrau, Dresden) 

• Track Dynamics (coordinator: K. Knothe, Berlin) 

— Monitoring the dynamics of railway tracks by means of the Karhunen- 
Loeve- Transformation (E. Kreuzer, Hamburg-Harburg) 

— Measurements and modelling of resilient rubber rail-pads (K. Knothe, 
Berlin) 

- Combined modelling of discretely supported track models and sub- 
grade models - Vertical and lateral dynamics (K. Knothe, Berlin) 

— The dynamics of railway track and subgrade with respect to deterio- 
rated sleeper support (R. Lammering, Hamburg) 

— Model-based investigation of the dynamic behaviour of railway ballast 
(K. Popp, Hannover) 

• Subgrade Dynamics (coordinator: G. Gudehus, Karlsruhe) 

- Experimental and numerical investigations on the track stability 
(R. Katzenbach, Darmstadt) 

— Simulation of the dynamic behavior of bedding-foundation-soil in the 
time domain (0. v. Estorff, Hamburg-Harburg) 

— Numerical model and laboratory tests on settlement of ballast track 
(G. Gudehus, Karlsruhe) 

— Experimental investigation and numerical modelling of soils and bal- 
last under cyclic and dynamic loading (H.-G. Kempfert, Kassel) 
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- Rigid body dynamics of railway ballast (T. Pdschel, Berlin) 

— Track settlement due to cyclic loading with low minimum pressure 
and vibrations (W. Ruecker, Berlin) 

— 3D-simulation of dynamic interaction between track and layered sub- 
ground (S. Savidis, Berlin) 

— Dynamic behavior of railway track systems analyzed in frequency 
domain (G. Schmid, Bochum) 

This book contains the scientific results of the Priority Programme as 
presented at the Concluding Colloquium held at the University of Stuttgart, 
Germany, March 13 - 15, 2002. Additionally, the earlier concluded projects 
are also included in this volume as well as an introduction with review and 
outlook, and a benchmark study. 

The following experts in the field were invited to join the Colloquium to 
present survey lectures on related research topics: 

• H. P. Lang: Experience from high-speed traffic 

• R. D. Frohling: Track and subgrade loading 

• P. Pointner: The wheel-rail-contact and its effect on wear and rolling- 
contact-fatigue-cracks 

• R. M. Goodall: Active suspension technology and its impact upon vehi- 
cle/track interaction 

Three of their contributions have been included in this book, too. In 
summary, this book represents a final scientific report of the DEC Priority 
Programme SPP 1015. 

Finally, we would like to thank the Deutsche Forschungsgemeinschaft 
(DFG) for the financial support and, in particular, to its representative, Dr.- 
Ing. Jurgen Hoefeld, for his continuing interest in the Programme. We ac- 
knowledge the excellent work of the section coordinators, Professors G. Gude- 
hus, K. Knothe, P. Meinke and B. Zastrau who arranged for the fruitful coop- 
eration within the Programme. And last but not least we thank our coworkers 
Dipl.-Ing. T. Meinders and Dipl.-Ing. H. Kruse for their most valuable help 
during the preparation of the Concluding Colloquium and the preparation of 
this Proceedings Volume. 



Hannover, May 2002 
Karl Popp 



Stuttgart, May 2002 
Werner Schiehlen 
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The DFG Priority Programme 

System Dynamics and Long-Term Behaviour 

of Vehicle, Track and Subgrade 



Klaus Knothe^ and Karl Popp^ 

^ Technische Universitat Berlin, Institut fur Luft- und Raumfahrt, 
Marchstr. 12, D-10587 Berlin, Germany 
^ Universitat Hannover, Institut fiir Mechanik, 

Appelstr. 11, D-30167 Hannover, Germany 



Abstract. This paper deals with the motivation and the aims of the DFG Priority 
Programme 1015 System Dynamics and Long-Term Behaviour of Vehicle, Track 
and Subgrade as well as its results. The authors try to answer the following three 
questions: i) Where did we start from, ii) what have we achieved and iii) what still 
needs to be done. The critical assessment of the results intends to point out topics 
of further research. 



1 Introduction 



This introductory paper gives an outline of the DFG Priority Programme on 
System Dynamics and Long- Term Behaviour of Vehicle, Track and Subgrade. 
It goes back to the roots, shows the motivation and aims and tries to give a 
critical evaluation of the results achieved. The paper is based on the state- 
ments given during the opening lecture by K. Knothe and the closing remarks 
by K. Popp, presented at the Concluding Colloquium held in Stuttgart from 
March 13 to 15, 2002. 

The DFG Priority Programme started in 1996. More than 20 projects 
were supported by Deutsche Forschungsgemeinschaft with a budget of more 
than Euro 6 million. At the end of the Priority Programme it is tried to 
answer the following questions: 

• Where did we start from? 

• What have we achieved? 

• What still needs to be done? 

The critical evaluation of the results gained so far on the one hand and the 
discussions of the requirements of today’s railway systems on the other hand 
shall give an account of the achievements of the programme. Based on this 
evaluation, further topics of research can be pointed out. 
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Klaus Knothe and Karl Popp 




Fig. 1. Deformation of an 
SNCF track (1955) after a 
world record ride, probably 
due to unstable hunting mo- 
tion of the locomotive (from 
La Vie du Rail, 1981) 



2 Where did we start from? 



2.1 Preliminary Comments 

Talking about the starting point of this DFG Priority Programme, it ist not 
enough to go back to the first discussions which led to this Programme - one 
has to go back further. Although it would be interesting to consider 150 years 
of railway research, this, of course, would be beyond the scope of this paper. 
Therefore, we shall start in 1975. 



2.2 Limits of the Wheel/Rail System (1975-1985) 

Reasons for the investigations. At the beginning of the 1970s the com- 
panies of the so-called New Technologies decided to build up an alternative 
to the wheel/rail system, the Maglev train. This project was supported by 
the Federal Ministry of Research and Technology in Germany. The result 
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of this initiative is the Transrapid. On the other hand, the traditional Ger- 
man rolling stock industry (especially Krupp company) was afraid that it 
could lose market shares and, therefore, also claimed financial support for 
a research and development programme on wheel/rail problems. One of the 
main questions was: Are there any physical limits to the wheel/rail system? 
In order to answer this question, a first research and development project 
was supported by the Federal Ministry of Research and Technology in 1974. 
Participants were the West German railway industry (among them the com- 
panies Krupp and Thyssen) and the Deutsche Bundesbahn. Some years later 
additional projects were initiated by the companies MAN and MBB together 
with universities and research institutes. 

It should be mentioned that in Japan and France high speed wheel/rail 
technologies were developed much earlier. In Japan research projects started 
immediately after 1945, in France five or six years later. 



Aims of the investigations. One of the aims of the investigations was to 
find out whether there is a critical maximum speed of the wheel/rail system. 
It was already known that an optimum speed would be between 300 and 350 
km/h due to energy problems. Therefore, the aim was specified: 

• Would it be possible to run wheel/rail systems with speeds up to 350 
km/h? 

• What has to be done so that German industry would be able to build 
appropriate locomotives and passenger cars? 



An example. Let us consider the stability problem as an example of the 
research work done between 1975 and 1985. 

The fact that railway vehicles may become unstable is known from the 
work of Carter in 1916 [1]. During a test run with two newly developed high 
speed locomotives in France in 1955 serious problems were experienced with 
an unstable running locomotive. Both rails were thrown to the left and to 
the right by one of the locomotives, and the wire of the power supply was 
pulled down by the pantograph (Fig. 1). These events were not made public 
until 1981 [5]. 

Nowadays a linear stability analysis is state-of-the-art for all newly de- 
signed vehicles (Fig. 2) [3]. Root loci indicate vehicle speed for which positive 
real parts of the eigenvalues occur so that instabilities have to be expected. 

Even nonlinear stability analysis is common as shown in Fig. 3. For a 
vehicle speed of 72 m/sec the wheelset performs a limit cycle with an ampli- 
tude of lateral displacement of more than 6 mm. The vehicle speed has to be 
reduced to 58 m/sec to let the wheelsets return to the central position. This 
is a typical nonlinear phenomenon. More detailed investigations have been 
performed by True and his group [7,4,8]. 
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Fig. 2. Linear stability analysis of a bogie with secondary suspension 




Fig. 3. Nonlinear limit cycle analysis of a conventional bogie, taken from [2] 



A similar nonlinear instability phenomenon has been observed also by 
MAN [6] on the roller-rig in Freimann near Munich. If the vehicle speed was 
increased to 180 km/h a limit cycle with an amplitude of more than 7 mm 
occurred. One had to reduce the vehicle speed to less than 130 km/h until 
the original stable situation was obtained again. 



Results of the investigations between 1975 and 1985. The results of 
the German Research and Development Programme between 1975 and 1985 
are well known. 

• The knowledge of the German railway industry about the design of high 
speed railway vehicles rapidly increased. 
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Fig. 4. Experimental investi- 
gations of limit cycles, taken 
from [6] 



• New simulation tools were introduced in industry and in railway com- 
panies. At least two computer codes (MEDYNA and SIMPACK) were 
developed in Germany and are now available for all tasks in railway ve- 
hicle dynamics. 

• And last but not least: The Intercity Experimental train was developed 
as a prototype for the later ICE train. 



2.3 New Problems (1985-1994) 

At the end of the 1980s and at the beginning of the 1990s a remarkable in- 
crease in vehicle speed has been obtained and high speed traffic has become 
common in Germany. However, several new problems occurred with vehicles 
and track. Though most of them have been observed earlier, they now oc- 
curred much more frequently. 

Irregular ballast settlement and ballast deterioration. Irregular 
ballast settlement is one of the failures of railway tracks which cause high 
maintenance costs. Not only in Germany but also in France on the line of 
the TGV Atlantique and in Japan irregular ballast settlements, sometimes 
together with damage phenomena like the pulverization of ballast (white 
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spots), increased with increasing vehicle speed. For example it was not clear 
to the French railway SNCF whether the line to Marseille should be built as 
a line with ballasted track. 

Rail corrugation. Short wavelength rail corrugation is a damage phe- 
nomenon which has been known fore 100 years. With increasing vehicle speed, 
however, rail corrugation increased signifRcantly and again resulted in high 
maintenance costs, not only in Germany but also in Japan. 

Out-of-round wheels. The phenomenon of out-of-round or polygonal- 
ized wheels of the newly introduced ICE 1 train was a very undesirable effect 
which first resulted in considerable comfort reduction for passengers. Later 
on the polygonalisation phenomenon of a rubber supported wheel rim was 
one of the causes of the Eschede accident in 1998. 

Increasing noise. Rail corrugation immediately leads to severe noise 
problems, if no remedies like rail grinding are applied. 



2.4 Explanation and Counter-Measures 

Explanation: What has gone wrong? At the end oft the 1980s, some 
scientists became convinced that there was a causal link between increased 
high-speed traffic on the one hand and increasing negative side-effects on the 
other. 

In Germany until approximately 1980 only moderate technical modifica- 
tions of the wheel/rail system had been introduced. A kind of evolutionary 
optimum had been reached. The maximum vehicle speed remained in a mod- 
erate range. 

In order to be able to run railway vehicles at much higher speed, several 
modifications had to be introduced. Three of them shall be mentioned: 

• First of all the traction had to be increased. Thus, controlled traction 
units were built. 

• New bogies were built for ICE passenger cars or existing bogies were 
modified. As an example, the wheelsets were equipped with four disc 
brakes instead of two, so the unsprung mass increased. 

• Additionally, the tracks of high speed lines were made much stiffer than 
ordinary tracks. 

The main criterion regarding optimization had been vehicle speed, which 
resulted in a subsystem optimization. 



Basic demands for new developments. To overcome the problems gen- 
erated by the subsystem optimization, three demands had to be fulfilled: 

• Vehicle dynamics had to be substituted by vehicle/track dynamics, i.e. 
by real system dynamics. 
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• The restriction to the low frequency range had to be abandoned. In ad- 
dition, the medium frequency range had to be included in the dynamic 
investigations. 

• The analysis of the short time system dynamics had to be augmented 
by the analysis of the long-term behaviour of different vehicle and track 
components. 

These three demands, which were formulated at the beginning of the 1990s, 
were the basic ideas of the DFG Priority Programme. 



Research as counter reaction. Based on these ideas already at the be- 
ginning of the 1990s J.-M. Lipsius from Thyssen, Kassel, and P. Meinke, at 
that time with MAN New Technology, Munich, together with others tried 
to convince the Federal Ministry of Research and Technology to establish a 
new research Programme on long-term phenomena of the wheel/rail system. 
They were not successful, since the funds were needed for the Maglev train 
Transrapid. 

More successful was a European initiative on ballasted tracks called EU- 
ROBALT. Starting in 1993, railway companies from Germany, France and 
the UK, research institutes and ERRI worked together in two projects funded 
in the BRITE-EURAM frame. 

3 What has been achieved? 

Before answering this second question a look at the original proposal for the 
DFG Priority Programme shows the intentions. This proposal was intensively 
discussed and fixed by K. Knothe, P. Meinke and K. Popp during a German- 
Polish Workshop in Wierzba in July, 1993. 



3.1 The Project Idea of the DFG Priority Programme 

Those who had initiated the DFG Priority Programme had a clear idea about 
what should be integrated in the Programme and what should be excluded. 

The components of vehicle and track which should be considered are 
shown in Fig. 5. They start from the bogie frame and go down to the track 
formation and the subgrade. 

The system dynamics should have its emphasis in the medium frequency 
range, i.e. between approximately 40 and 400 Hz. 

Of course, the wheel/rail contact as centre of interaction was considered 
to be extremely important. 

Other types of interaction like pantograph/ wire or aerodynamic interac- 
tion were consciously excluded, as well as all acoustic problems and ground- 
borne vibrations, cf. Fig. 6. 
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Fig. 6. Components to be ex- 
cluded from the DFG Priority 
Programme 



Fig. 7. System dynamics and 
long-term behaviour 



Already the title of the Priority Programme System Dynamics and Long- 
Term Behaviour of Vehicle, Track and Subgrade indicated that System Dy- 
namics and Long-Term Behaviour were two equally important aspects. 

Long-term behaviour is often integrated into a feed-back loop. It is worth 
to call in mind the diagram of Fig. 7, where system dynamics and long- 
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Fig. 8. Structure of the wheel/rail system 



term behaviour are brought together to form this loop. The same type of 
diagram is assumed to be valid for different phenomena of deterioration, like 
rail corrugation, polygonalisation of wheels or settlement and degradation of 
ballast or subgrade, see also Fig. 8. In this context, it is essential to determine 
the evolution laws of the long-term behaviour and then to investigate the 
complete feed-back loop. 

3.2 About Structure and Management of the DFG Priority 
Programme 

The DFG Priority Programme was officially approved in January 1996 and 
lasted three terms of two years each. It was a truly interdisciplinary Pro- 
gramme, where mechanical and civil engineers, physicists and mathemati- 
cians worked together. The programme comprised more than 20 projects 
which had been grouped into one of the following four sections: 

• Vehicle (coordinator: P. Meinke, Stuttgart) 

• Contact, Friction, Wear (coordinator: B. Zastrau, Dresden) 

• Track (coordinator: K. Knothe, Berlin) 

• Subgrade (coordinator: G. Gudehus, Karlsruhe) 

The sections were coordinated separately and each section organized about 
two meetings per year. Meetings of all members of the Priority Programme 
were called in by DFG: 

• Kick-off Meeting, Braunschweig, 22.02.1996 
(organized by E. Brommundt) 
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• Intermediate Colloquium, Stuttgart, 20. /21. 03. 1997 
(organized by W. Schiehlen) 

• Intermediate Colloquium, Hamburg, 17. /18. 03. 1999 
(organized by R. Lammering) 

• Concluding Colloquium, Stuttgart, 13.-15.03.2002 
(organized by W. Schiehlen) 

Moreover, the members of the DFG Priority Programme discussed their re- 
sults in the framework of an international conference: 

• EUROMECH Colloquium 409, Hannover, 6.-9.03.2000 
(organized by K. Popp, R. Bogacz and H. True) 

One of the first problems to be solved within the sections was the defini- 
tion of common data for the system parameters in order to compare re- 
search results gained in the different projects. As a consequence, the so- 
called DFG Reference Data Sets Vehicle and Track were created (see also 
http://www.mechb.uni-stuttgart.de/forschung/railway/refdataA and 
http://ice.fbl2.tu-berlin.de/gleisdaten). 

Later on, a benchmark data set Track - Subsoil was defined for a com- 
parative study of different track-subsoil models. Results of this benchmark 
are given in an extra contribution inside this book. Both initiatives turned 
out to be very fruitful. 



3.3 What has been achieved? 

First, the different projects of the DFG Priority Programme shall be arranged 
in groups with similar subjects in order to illustrate where the emphasis was 
put on. The arrangement is done according to 

• the vehicle and track components, which are mainly treated, 

• the system dynamics on the one hand and the long-term behaviour on 
the other, 

• the methods which are used, either simulation or experiment. 

The result is illustrated in Fig. 9, where the number of projects is shown in 
brackets. 

In the field of system dynamics, simulations are absolutely predominant. 

• Three projects deal with linear or nonlinear simulations of the system be- 
haviour. In all of them the subgrade is included and interactions between 
different sleepers through the subgrade are considered. 

• In addition a group of four projects concentrates on the simulation of the 
dynamic behaviour of subgrade and ballast. 

• The dynamic behaviour of wheelsets and bogie frame in the medium 
frequency range is considered in two projects. 



Concerning the investigation of the long-term behaviour there are 
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Fig. 9. Arrangement of projects with similar subjects (part I) 



• three projects dealing with the simulation of out-of-round wheels and 

• four projects dealing with the long-term behaviour of ballast and sub- 
grade, on the basis of experiments as well as simulations. 

Some comments on these projects: 

• Due to the activities in the DFG Priority Programme, linear and non- 
linear simulation of vehicle/track interaction in the medium frequency 
range is well understood. 

• The same is true for the simulation of ballast and subgrade as an infinite, 
continuous or layered half-space with or without inclusions. 

• Two or three projects on the system dynamics of wheelsets and bogie 
cannot cover all problems of these components in the medium frequency 
range. However, it is demonstrated that the tools required for such inves- 
tigations are fully available. 

The situation is not as clear concerning projects dealing with the long-term 
behaviour: 

• Two hypotheses are used for the investigation of the polygonalisation 
of wheels. It is shown that with both hypotheses the development of 
out-of-round wheels can be explained qualitatively. Since there are more 
than two hypotheses, it would be worth bringing together all people from 
Germany or even from Europe working in the field of out-of-round wheels 
and to summarize different aspects of this problem. 

• Settlement and deterioration of ballast and subgrade is a fascinating field. 
The work done in the DFG Priority Programme is a big step forward re- 
garding the understanding of the phenomena. We assume that within 
five to ten years of research ballast settlement will be practically under- 
stood. In order to accelerate this development, a workshop on ballast 
deterioration problems would be helpful. 
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Fig. 10. Arrangement of projects with similar subjects (part II) 



Problems which are only dealt with by one or two projects and which have 
not been mentioned so far are shown in Fig. 10. 

• One project concentrates on the experimental investigation of friction 
and wear in rolling contact. 

• In a second project a three-dimensional finite-element analysis of the 
rolling contact is performed. 

• In the third project measurements are made investigating the long-term 
behaviour of rail steel under cyclic loading. 

• And finally, the vertical dynamic behaviour of one type of rail pad is 
measured. 

All these four projects provide valuable contributions. However, they cannot 
be considered as a final treatment of the problems. This is especially true 
for the wheel/rail contact which is the most important component of the 
wheel/rail system. In this context, it should also be stressed that rolling 
contact fatigue which now is considered to be the most critical failure of the 
rail surface was not even mentioned in the proposal for the DFG Priority 
Programme and, hence, was not investigated in any of the projects. 

Finally, two projects remain which are both theoretical but should be 
applied in the future for vehicle based measurements. Unfortunately, one 
of these projects only lasted for four years and the other one only for two 
years. Vehicle based monitoring of long-term variations of contact and track 
parameters remains a challenging task. 



4 What still needs to be done? 

Simulation tools alone are never enough. What is necessary is an experimen- 
tal validation of simulation programs for system dynamics of vehicle/track 
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interaction and for long-term behaviour of ballast and subgrade on a full- 
scale-level. This can only be performed with the support of railway operating 
companies like Deutsche Bahn AG in Germany. 

Considering the last two projects mentioned above it is obvious that 
vehicle-based monitoring of track parameters and of long-term variations of 
the track is a task for the coming years. Again it must be ensured that 
Deutsche Bahn AG or another railway company will support corresponding 
measurements. 

We are thoroughly convinced that fundamental aspects of the wheel/rail 
contact will be even more important in the future than they are today: 

• A first problem which still is unsolved concerns in-situ measurement tech- 
niques for wheel/rail contact phenomena: Measuring in the contact patch. 

• Damage phenomena of the running surface of wheel and rail continue to 
be of interest. There is a lack of knowledge of the material behaviour for 
extreme loading conditions in the wheel/rail contact. The same is true for 
other phenomena of long-term behaviour. In this context rolling contact 
fatigue has to be mentioned again. 

• A wide field are fundamental physical aspects of friction and wear in 
rolling contact. 

• A fourth challenging task is the so-called conditioning of rail surfaces 
either naturally by wheels running on the rail, or artificially. 

To solve these problems, probably, other groups of scientists would be neces- 
sary than those which were partners in the present DFG Priority Programme. 
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Abstract. This paper gives a practical perspective on the optimisation of the 
interaction between vehicle and track within Spoornet over almost 40 years. After 
giving a historic overview of the development of the self-steering three-piece bogie, 
which plays an important part in vehicle/track interaction optimisation, a detailed 
account is given of the wheel/rail optimisation strategies followed on the iron ore 
and coal export lines. This is followed by a general description of the wheel profile 
development, measuring and monitoring actions, as well as a brief discussion on 
envisaged future developments aimed to further optimise the dynamic interaction 
between vehicle and track. 



1 Introduction 

The objective of vehicle/track interaction optimisation is to reduce forces 
or damaging mechanisms acting between these two systems. This can be 
achieved through track-friendly bogie suspension designs that have a good 
tracking ability and minimised dynamic vertical track loading. A further im- 
portant element in this optimisation process is to control wheel and rail profile 
wear whde minimising the contact stress between the wheel and the rail. 

These elements of vehicle/track optimisation are discussed in this paper 
by giving a historic overview of the development of the self-steering three- 
piece bogie in South Africa together with a detailed account of the wheel/rail 
optimisation strategies followed on the iron ore and coal export lines. A gen- 
eral description is also given of the wheel profile development together with 
relevant measurement and monitoring actions that have been implemented 
to manage this optimisation process. This is followed by a short description 
of differential track settlement, which is a function of the spatial variation 
of the track stiffness as well as the dynamic interaction between the vehicle 
and the track. Finally a brief overview on envisaged future developments to 
further optimise the dynamic interaction between vehicle and track is given. 

2 Wagon Bogie Development 

In this section a brief overview of the development of the self-steering three- 
piece bogie is given. Further detail can be found in numerous international 
papers [ 1 - 16 ]. 
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Due to South Africa’s large deposits of iron ore in the Sishen area, some 
800km from the coast, plans were made in the 1960s for large-scale iron ore 
export. Initially the harbour in Port Elizabeth was selected and the iron ore 
was to be transported on the existing line with existing rolling stock. The 
available wagons had a payload of 51ton and were equipped with three-piece 
Sarcast bogies with plain bearings as shown in Fig. 1. Due to a 31.4km long 
section of track with an almost continuous down grade of 1/66, train handling 
proved to be very difficult using the existing vacuum brake system. Hence, 
the length of the trains was limited to 35 wagons. 

A subsequent economic study showed that the operation could be im- 
proved considerably if the train mass could be increased. Hence, wagons with 
an axleload of 18.5ton were built. In 1970 these wagons were fitted with 
three-piece roller bearing Spoorbarber bogies as shown in Fig. 4. Using these 
wagons, 50 wagon long air-braked trains were commissioned. After some ex- 
perimenting with train handling techniques, iron ore trains of 100 wagons 
became the standard on the Port Elizabeth line. 




Fig. 1. Sarcast three-piece cast steel bogie 



After the introduction of 100 wagon trains on the line to Port Elizabeth 
which contained many 200 to 250m curves, wheel flange and rail wear was 
very high, necessitating wheel re-profiling after 30000 to 50000km. The low 
wheel tread conicities required for an acceptable hunting speed could thus 
not be retained for long distances due to wheel wear. These worn wheels, 
however, had an advantage over a new conical wheel tread as far as tread 
wear is concerned due to a lower contact stress and the fact that the profiled 
tread causes the contact point to move through a much wider band, thus 
spreading the wear. These profiles are referred to as standard wear profiles. 

Recognising the need to maintain the required effective conicity over long 
distances, a bogie development programme was started in the early 1970s. 
Initial tests with conventional three-piece bogies soon showed that it was 
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Fig. 2. Spoorbarber bogie 



impossible to maintain the standard wear profile as wheel tread and flange 
wear continued at a high rate [2]. Hence, it was concluded that the curving 
ability of the wheelsets had to be improved. This was achieved by designing 
a self-steering bogie with a low bending stiffness for adequate curving ability 
and a high shear stiffness for the required hunting stability. 

The new self-steering bogie design retained the three-piece bogie arrange- 
ment but introduced rubber shear pads at the journal boxes as well as an 
additional inter- axle shear stiffness, which is independent of the shear con- 
straint provided by the bogie frame. The first experimental self-steering bogie 
as shown in Fig. 2 was built in 1971. This bogie used double A-frames (re- 
ferred to as Double Bissels) to obtain the inter- axle shear stiffness. The coil 
spring bolster suspension. Barber load sensitive friction dampers and roller 
bearings of the Spoorbarber bogies were retained. 

In the first production bogie the double bissel design was abandoned in 
favour of sub-frames mounted to the journal boxes and linked diagonally by 
means of cross-anchors. This design was patented as the Scheffel HS Bogie in 
1972. The first Scheffel HS bogies were built in 1975 for the iron ore wagons 
to be used on the new line from Sishen to Saldanha. A picture of the 20ton 
axleload HS Mk VII self-steering bogie is shown in Fig. 3. Shortly after its 
implementation, a 26 ton axleload Mk V bogie was also put into service. 

In Fig. 5 and 6 it can be seen that the self-steering bogie basically elimi- 
nates wheel flange wear. These measurements were made in 1977 shortly after 
introducing this innovative design [6]. Furthermore, before the implementa- 
tion of the self-steering bogie, rails in 300 to 500m curves had to be replaced 
after about 70 million gross tons when using conventional three-piece bogies 
at 18.5 tons per axle. Today the original rails on the Richards Bay coal ex- 
port line are still in use in similar curves after up to 1500 million gross tons, 
using self-steering bogies running at 26 ton axleload. A significant improve- 
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ment in the track-friendliness of the three-piece freight wagon bogie was thus 
achieved by using the self-steering principle combined with an optimisation 
of the secondary suspension parameters [17,18]. 




Fig. 3. Double Bissel Bogie 




Fig. 4. HS Mk VII Bogie 



3 Developments on the Heavy Haul Export Lines 

In the following two sub-sections, a detailed account is given with respect 
to the wheel/rail optimisation strategies followed on the iron ore and coal 
export lines. 
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Fig. 5. Wheel profile of a conventional bogie after 20000km 




Fig. 6. Wheel profile of an experimental self-steering bogie after 20000km 



3.1 Iron Ore Export Line 

In April 1976, self-steering bogies at 26ton axleload started to operate be- 
tween Sishen and Saldanha [7] in trains of up to 202 wagons. The minimum 
curve radius on the 861km long line is 1000m. After approximately six months 
of operation it was observed that the wheel wear rate was higher than for the 
20ton- axleload bogies. As the wheels were overheating during braking it was 
initially assumed that the additional tread wear was mainly due to braking. 
However, a closer investigation showed that the offset of the wheels on the 
axle was outside the laid down tolerance and the actual rail head profile was 
different from what was given to the bogie designers. 

As early as 1979, an alternating (sinusoidal) side wear on the gauge corner 
of the rail started to occur [19]. This phenomenon was termed slinger, which is 
the Afrikaans word for stagger. Gouging of the high rail and metal flow on the 
low rail in curves seemed to be more prominent on maximum gradients where 
curve radii were less than 2500m. Gouging was also found on straight track 
but without a particular wavelength. The peak to peak wavelength is typically 
between 12m and 14m. Figure 7 shows a set of rail profile measurements taken 
in 1993. 
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In 1982, 600km of the line had intermittent 2mm side wear, 70km had up 
to 4mm side wear and 30km had up to 7.5mm side wear. A high rate of wheel 
wear was also observed on the locomotives and wheels had to be re-profiled 
after 168000km, then again after 136000km and then again after 80000km. 
The average locomotive wheel life was thus approximately 400000km while 
the average wagon wheel life was about 500000km. 





Fig. 7. Gauge corner wear as measured in 1993 



Following a reduction in maintenance expenditure from 1982 to 1987, and 
a subsequent increase in traffic volumes from 1988 to 1992 without increased 
maintenance efforts, the situation reached near crisis levels and the ability of 
the system to operate at the desired level was under serious threat. Conse- 
quently a multidisciplinary approach was initiated to design and implement 
a combined strategy between the rolling stock and the track engineers [20]. 
The strategy included: 

• Regular locomotive wheel flange and hollow wear measurements. 

• Low speed, in motion measurements of hollow wear on the wagon wheels. 

• Lateral wheel/rail force measurements to identify skew bogies. 

• Rail profiles measurements at selected sites. 

• Lateral axle acceleration measurements using an instrumented wagon. 

Due to the abovementioned multi-disciplinary approach, the average rate 
of hollow wheel wear on the wagons improved from 104000km/mm in 1993 to 
220000km/mm in 1996 [23]. The main contributing factors were an improved 
wheel/rail contact band to control sinusoidal gauge corner wear, improved 
wheel and rail profile designs, pummeling, as well as improved bogie align- 
ment and wheel machining. 

However, due to subsequent rail grinding actions, pummeling was again re- 
moved with a resulting increase in hollow wheel wear rate to 137000km/mm. 
Pummeling was then again introduced towards the end of 1999 using asym- 
metric rail pads to widen the gauge. Presently about 160km is pummelled 
at -flOmm and 40km at -h5mm. After the re-introduction of pummeling, the 
rate of hollow wheel wear has already improved to 167000km/mm as shown 
in Fig. 8. 
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Fig. 8. Influence of pummeling and slinger control interventions 



3.2 Coal Export Line 



The coal export line was officially opened in April 1976 using 75 18.5ton 
axleload wagons in a train [21]. In 1979 and 1982 the axleload was increased 
to 20 and 22ton respectively. In 1981 the train length was increased to 176 
wagons. After relaying the track with a heavier and harder S-60 Chrome- 
Manganese rail, the first 26 ton axleload 164 wagon long trains started to 
operate in 1986. 

Soon after the partial commissioning of the upgraded line, the average 
wheel life of the leading wheels of the locomotives plummeted from 190000 
to 40000km per cut over a period of five months. This resulted in a severe 
shortage of available locomotives. 

The strategy to address this crisis evolved in three phases, the first being 
one of crisis management, the second one of understanding and the third one 
of consolidation [22]. A brief summary is given below. 

Phase 1 - Crisis Management: During this phase, the rolling stock and the 
track engineers addressed the problem in a reactive and independent manner 
by considering the wheel to rail hardness ratio, the prevailing sharp rail gauge 
corner, the flat rail crown radius, discontinuities at rail joints, a tighter than 
desired track gauge as well as the absence of track lubrication. 

Phase 2 - Corrective Maintenance: The objective during this phase, which 
stretched from 1990 to 1993, was to achieve conformity between the wheel and 
the rail. Significant improvements were achieved through gauge control, gauge 
corner lubrication, rail profile grinding and rail surface defect evaluation. 

Phase 3 - Preventive Maintenance: In 1993, maintenance interventions 
such as rail lubrication, condition monitoring of rolling stock by means of 
lateral wheel/rail force measurements and a preventive rail grinding strategy 
were introduced. 
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In 1993, Tournay presented a paper on experiences gained with the design 
of wheel and rail profiles for wear control on the coal export line [23]. The 
following was highlighted: 

• The rail gauge corner of the high leg had a very consistent shape. 

• The high lateral creep force and the large angle of attack of the leading 
wheels of the locomotive causes metal flow towards the rail gauge corner. 

• The original locomotive wheel/rail contact was mismatched causing se- 
vere two-point contact in the initial stages. This resulted in metal flow in 
the root of the flange and eventually the breaking out of this material. 

• Due to high locomotive flange wear, flange lubrication is essential. 

• Gauge corner relief was not considered viable as the rate of flange wear on 
the locomotive wheels indicated that the flange fillet would rapidly wear 
to the profile of the relieved form of the gauge corner and thus negate 
this action. 

• Minimal flange wear was observed on wagon wheels. 

• To limit false flange contact, the hollow wear limit was reduced from 6mm 
to 4mm. 

The above experience led to the decision to use a rail profile very similar 
to the worn high leg profile. On the low leg the emphasis is on avoiding false 
flange contact on the field side of the rail. The newly proposed locomotive 
wheel profile had a high radius differential for curving while the conicity of 
the wagon wheel profile was lower than the initial profile. The flange of the 
wagon wheel profile was also made thinner to allow for more lateral motion 
in order to spread the hollow wear. As much of the surface damage on the 
high leg was in the form of head checks in the gauge corner, re-profiling of 
the rail was proposed. 

4 Wheel Profile Development 

During the development of the self-steering bogie it was realised that with the 
existing gauge clearance of about 10mm and standard 1/20 conical wheels 
the rolling radius difference would be limited to about 1mm, which would be 
inadequate for effective self-steering of the wheelsets. To increase the rolling 
radius difference it was thus decided to use profiled wheel treads and to 
increase the gauge clearance to 14mm. This was achieved by a reduction in 
the back to back distance between the wheels, a reduction in flange thickness 
and the development of a wheel tread profile which ensures one point contact 
on curved track. The subsequent chronological development of wheel profiles 
in South Africa is given in the following paragraphs. 

The first profiled wheel profile was the Standard Wear Wheel Profile^ 
which developed an adequate radius differential and gravitational stiffness 
for curving [24]. As the conicity was between 0.25 and 0.42, the operating 
speeds was limited to lOOkm/h. Furthermore, high contact stresses occurred 
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between the wheel and the rail at the maximum lateral deflection of the 
wheelset. This, together with a high spin component, was considered to be 
the cause of head checks on the rail. 

Hence, it was decided to design a single-radius Linear Conicity Wheel 
Profile with a lower effective conicity and a thinner flange. As a result the 
hunting stability increased to 160km/h while maintaining a good curving 
ability. However, high contact stresses still occurred between the wheel and 
the rail at the maximum lateral deflection of the wheelset. This caused no 
difficulties under low axle loads, but the profile required adjustment for 18.5 
and 26 ton axleload operation. 

A parallel development to that of the Linear Conicity Wheel Profile was 
the development of a Three-Radius Wheel Profile suitable for 26 ton axleload 
operation on the UIC 60 rail between Sishen and Saldanha. This profile gave 
adequate curving ability and hunting stability. High contact stresses however 
still occurred between the wheel and the rail in the region of the rail crown 
radius [19]. It was thus decided to develop a wheel profile where contact in 
the gauge corner of the rail could be avoided. 

The resulting profile was the Drooping Conicity Wheel Profile^ which had a 
high wheelset conicity of 0.25 when placed centrally on the track and a lower 
conicity of 0.1 once the wheelset displaced laterally. For dynamic stability 
the profile behaved as if fitted with 0.12 conicity wheelsets. The high initial 
conicity enabled an adequate radius differential for curving on the prevailing 
large curve radii. Hence, contact on the gauge corner of the rail was avoided 
and the incidence of head checks decreased. 

After the implementation of the Drooping Conicity Wheel Profile it was 
found that it was sensitive to variations in track geometry. Hence, a Modified 
Drooping Conicity Wheel Profile was introduced in which a lower sensitivity 
to track irregularities was achieved by implementing larger radii on the wheel 
profile in the central region. Hence, the wheelset had to move about 2 to 
5mm further laterally to curve. Experience at the end of 1980 showed that 
this profile best met the set requirements. 

Having significantly reduced wheel flange and rail gauge corner wear, 
the contact stress between the wheel and the rail became an issue [25-30]. 
The initial wear regime^ which was characterised by high flange wear rates 
implied that a wide band of the wheel tread was being utilised. Such wheels 
are generally worn flat with little hollow wear and have a matching profile 
between the flange and the rail. Due to this conformal contact lower contact 
stresses occur between the flange fillet and the gauge corner. 

However, due to the improved tracking performance of the wagons, hollow 
wear started to occur. This resulted in so-called false-flanges as shown in 
Fig. 9. If hollow wear is not limited, false-flange contact stresses together 
with high longitudinal creepages cause longitudinal material flow in the rail 
resulting in surface shelling and head checks. In sharp curves and under 
conditions of increased gauge, material flow as shown in Fig. 10 thus occurred 
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and contact could occur on almost equal wheel radii. To limit false-flange 
contact stresses, hollow wheel wear was limited to 2mm. 
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Fig. 10. Forces and material flow on a leading locomotive wheelset in tight curves 



Thus, although the Modified Drooping Conicity Wheel Profile appreciably 
reduced the incidence of gauge corner damage, these benefits were lost as 
hollow wear increased. Hence, a new wheel profile was proposed in 1994. 
This profile had a convex shape near the flange fillet in order to obtain a 
sufficient recess of the flange fillet and thus to allow 2mm tread wear before 
hollow wear would start. This design was abandoned due to high stresses 
in the area just before the convex portion. To enhance contact to the field 
side and promote wider contact on the wheel tread, a new Conformal Wheel 
Profile was thus introduced [25]. 

After implementing the new Conformal Wheel Profile together with gauge 
corner lubrication, rail grinding and lateral wheel/rail force monitoring, the 
rate of locomotive wheel flange wear reduced in curves sharper than 800m. 
Furthermore, a preventative rail grinding strategy also evolved to rehabilitate 
the rail profile. 

5 Measurement and Monitoring 

To be able to optimise vehicle/ track interaction, numerous measurement and 
monitoring actions were put in place. The following sections give a brief 
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description of wheel profile, sinusoidal gauge corner wear, pummeling, flat 
wheel and lateral wheel/rail force measurements, which all form part of the 
optimisation strategy. 

5.1 Wheel Profiles 

Wheel profile wear, in particular hollow and flange wear has to be closely 
monitored to establish any deviations from existing wear rates as well as 
to be able to determine improved wheel/rail management strategies. These 
values are used to evaluate the influence of different interventions and to 
measure the health of the total system. 

Wheel wear measurements are conducted using either hand held devices 
such as ’go no-go’ gauges, wheel-life monitoring gauges, the Miniprof elec- 
tronic measuring system, or by means of track-side mounted plungers or 
laser beams. Detailed measurements are generally conducted on a selected 
sample of wheels and occur less frequently. 

5.2 Sinusoidal Gauge Corner Wear 

To be able to measure the severity of sinusoidal gauge corner wear, the lateral 
accelerations of the leading wheelset of the leading bogie of a so-called calibra- 
tion wagon are measured on a quarterly basis on the iron ore export line and 
annually on the coal export line. Figure 11 contains an example of measured 
lateral axlebox accelerations of three sequential measurements. The graph in 
Fig. 12 clearly indicates the reduction in lateral axlebox accelerations due to 
successful interventions. 




206.0 206 5 207 0 207 5 208 0 208 5 209 0 209 5 210.0 

Distance (km) 

Fig. 11. Lateral acceleration measurements 



5.3 Pummeling 

To give feedback with respect to the total distance of pummeled track, the 
distance of pummeled track is measured using a Load Measuring Wheelset. 
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Fig. 12. Reduction in lateral axlebox accelerations due to successful interventions 



These wheelsets are able to measure the wheel/rail contact position relative 
to the taping line of the wheel profile. Figure 13 shows some typical measure- 
ments. 
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Fig. 13. Measuring pummeled track 



5.4 Flat Wheel Detection 

Spoornet uses a so-called track-mounted Weighing In Motion - Wheel Im- 
pact Measurement (WIMWIM) system, as shown in Fig. 14, to identify non- 
symmetrically loaded wagons as well as to measure wheel impacts due to skid- 
ded wheels [31]. The measurement system basically consists of strain gauges 
mounted on the rail to measure the load of the wheel as it rolls over the crib 
between two sleepers. All instrumentation can be fitted to the rails without 
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removal of the rails or interruption to the traffic. With some re-arrangement 
of sleepers, hundred percent coverage can be obtained for wheel diameters 
from 730 to 1220mm. 

A typical load signal as measured under a flat and a new wheel is shown 
in Fig. 15. The original signal is then Altered to identify wheel imperfections 
in relation to undesirable impact loads. 




Fig. 14. Track mounted WIMWIM 



Wheel load 




The following limits are used by Spoornet: 

• Wheels exceeding a Dynamic Load Factor of 2.1 for 26ton axleload wag- 
ons, that is 27.3ton wheel load, must be removed after offioading. At this 
point, stresses in the sleepers under the rail seat reach their design limit. 
Skid marks for 26ton axleload operation may thus not be longer than 
30mm at the maximum loaded operating speed of 50km/h. 
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• Due to the quality of rails and sleepers, the recommended alarm limits 
for the coal and iron ore export lines are 48 and 37ton respectively. 

• For vehicles with an axle load between 8.5 and 22ton, wheels exceeding 
a Dynamic Load Factor of 2.5 should be scheduled for maintenance. 



5.5 Lateral Wheel/Rail Forces 

The purpose of measuring lateral wheel/rail forces is to identify bogies that 
are exerting high lateral or bogie couple forces to the track. Such bogies are 
usually not correctly aligned or have wheels with different diameters within 
a wheelset. These forces are monitored biannually on the iron ore export 
line and continuously on the coal export line. An example of normal, gauge 
spreading and skewing forces is shown in Fig. 16. 

The maximum allowable bogie coupling force for 26ton axleload wagons 
is 8.5ton. If the bogie couple force reaches this value the train must stop. A 
bogie couple force of 4.5ton indicates that maintenance must be done. The 
maximum allowable flanging force is set at 6.9ton. 




Timfli Scale (seconds) 

Fig. 16. Lateral forces of a normal, flanging and skew bogie 



6 Differential Track Settlement 

Another element in vehicle / track interaction optimisation is differential track 
settlement. This form of track degradation is a function of the spatial vari- 
ation of the track stiffness as well as the dynamic interaction between the 
vehicle and the track. 

During research conducted in the 1990s, on-track tests were conducted to 
simultaneously measure the behaviour of the vehicle and the track [32,33]. 
A schematic of the instrumented track is shown in Fig. 17. Using the in- 
strumented track, sleeper reaction forces and dynamic track deflection were 
measured at thirteen consecutive sleepers to determine the dynamic track 
stiffness as well as changes in sleeper support conditions due to vehicle speed. 
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axle load and accumulating traffic. Furthermore, Multi Depth Deflection Me- 
ters were used to measure the deflection in the various sub-structure layers. 
In addition to measurements on the track, the dynamic wheel load was also 
measured using a load measuring wheelset. 
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Strain gauge for wheel load measurement 



Fig. 17. Test track instrumentation 



One of the challenges during the research was to find the relationship 
between vehicle and track parameters, the dynamic response of the vehicle, 
and the measured differential track settlement. During the investigation, it 
was found that the differential settlement of the track was dominated by the 
spatial variation of the track stiffness. 

Using the developed mathematical model, improved fatigue assessment 
of the track structure is possible, as well as predicting the increase in track 
roughness as a function of vehicle type, axle load, vehicle speed, track geom- 
etry and the structural condition of the track. Realistic dynamic wheel loads 
are thus available to predict the rate of track component deterioration. 

7 Future Projects 

A number of projects to further optimise vehicle/track interaction within 
Spoornet have already been identified. Some of these projects are: 

• Establish and document vehicle/track interaction force limits to deter- 
mine the maximum allowable vertical and lateral wheel/rail forces, or a 
combination of both, for different track structures. 

• Develop a device to measure gauge spreading, gather statistics with re- 
spect to gauge spreading stiffness, compare to as-build track and define 
acceptable limits. 
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• Determine the mechanism behind sleeper skewing. 

• Conduct research to supplement track geometry based measurements 
with vehicle/track interaction force measurements. 

• Predict wheel wear under present and new operating conditions to aid es- 
sential proactive research to develop strategies to limit and control wheel 
wear. 

• Develop guidelines for the visual identification and management of wheel/rail 
interaction problems. 

8 Conclusion 

From the various aspects of vehicle/track interaction covered in this paper, 
it is clear that the optimisation of the dynamic interaction between vehicle 
and track is very involved. The historic overview of the development of the 
self-steering three-piece bogie, gives the reader a glimpse into some of the 
elements to be considered when minimising forces or damaging mechanisms 
acting between the vehicle and the track, as well as between the wheel and 
the rail. Another important element in this optimisation process is to control 
wheel and rail profile wear while minimising the contact stress between the 
wheel and the rail. Relevant optimisation strategies followed on the iron ore 
and coal export lines are discussed in detail. The description of the wheel 
profile development as well as measuring and monitoring actions give the 
reader a better understanding of the interventions to be considered in the 
implementation and management of this optimisation process. 
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Abstract. The paper provides a summary of the principles and concepts of active 
suspensions, and identifies the particular opportunities for active primary suspen- 
sions. It then discusses the major problems and research challenges that exist at 
present, and finally brings out the key aspects of the technology that will affect the 
vehicle-track interaction issue. 



1 Introduction 

For many years railway suspension technology has been principally a me- 
chanical engineering discipline, but now tilting trains in which the suspension 
response in the roll direction is modified or augmented by the use of control 
technology are widespread, and these have laid the foundations for a wider 
use of such ’’mechatronic” techniques. Aircraft have already made the transi- 
tion, with fly-by- wire technology now fully accepted, and developments of all- 
electric aircraft are well advanced. Automobiles are in the process of making 
the change, with active stability control and other similar systems already in 
production, and concepts such as ” steer-by-wire” being investigated through- 
out the world. Trains are generally lagging behind the other two transport 
modes in embracing mechatronics, but there is a range of possibilities: tilting 
which has already been mentioned, active secondary suspensions and also the 
general area of active primary suspensions [1]. The paper’s focus is upon the 
third category, which is a general description that can be used to include a 
number of application opportunities, but is concerned with controlling the 
wheels and wheelsets in order to improve the basic guidance and stability of 
rail vehicles. 

2 Active Railway Suspension Principles 

A conventional mechanical vehicle can be represented as shown by Fig. 1. 
Inputs are on the left - track inputs, load changes etc, being applied to the 
mechanical vehicle system. Outputs are on the right: the acceleration levels 
on the vehicle body, movements of the suspension etc. In a conventional 
passive system the response is dependent upon parameters such as masses, 
spring and damper rates, and the suspension geometry. An active suspension 
brings additional elements to what is already a very complex dynamic system, 
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Fig. 1. Generalised active suspension scheme 



and its performance will then depend upon what sensors and actuators are 
used, and upon the hardware and software of the controller. This is therefore 
feedback control - measure, control and apply corrective action - that’s what 
active suspensions in general are about. 

Although active primary suspensions form the main focus for this paper, 
they are not generally well understood. Therefore it is useful to consider 
active secondary suspensions (which have been widely studied) as an example 
to show what can be achieved. The secondary suspension from the bogie to 
the body is basically there to transmit the low frequency intended movements 
so the vehicle follows the track, but at the same time to isolate the higher 
frequency irregularities to provide a good ride quality. An important design 
problem relates to the level of damping introduced to control the resonance 
created by the springs. Minimisation of the body resonance effect requires 
high damping, but because one end of the damper is connected to the bogie 
it transmits the high frequency effects of the track irregularities. A high 
damping value therefore makes the ride quality worse by increasing the forces 
acting on the body at high frequencies, essentially creating a harshness in the 
suspension response. It creates a difficult trade-off that often includes a spring 
in series with the damper, and the end result for a typical vertical suspension 
design is usually around 20% modal damping, quite a low level which means 
there is still a lot of oscillation in the body response. 

If however the dampers are connected to an absolute reference (to give 
so-called ’’skyhook damping” - see Fig. 2.) the level of damping can be in- 
creased as much as required, and the ride quality doesn’t deteriorate [2]. The 
trade-off between damping the resonance and maintaining a good ride quality 
has disappeared, although the quasi-static deflections when following the low 
frequency intended inputs increase so some care is still needed [3]. However 
application of this concept provides an important improvement in suspension 
performance. 
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Fig. 2. Skyhook damping concept 




Fig. 3. Active secondary suspension controller 



Active control makes it possible to do more than just change the form of 
the damping. For a normal passive suspension, the spring rates are chosen to 
give a suitable response in the vertical suspension mode, but having done this 
the response in the pitch mode is largely determined by the geometry. For 
a typical suspension geometry the frequency in pitching is usually somewhat 
higher than in the vertical or bouncing direction, whereas it can easily be 
shown that there is a definite advantage in having a lower frequency in pitch. 
It is very difficult to do anything about this for a normal passive suspension, 
but with an active suspension it is straightforward: the signals from the two 
ends of the vehicle are brought together, separated into bouncing and pitching 
motions, and then processed separately to provide control signals for the 
actuators - see Fig. 3. This way the vehicle modes can be independently 
controlled, in particular to make the pitching response significantly softer, and 
the combination of skyhook damping with this ’’modal control” approach can 
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be used to halve the acceleration levels on the vehicle body without increasing 
the maximum suspension movement [4]. The key point of this example is to 
show the way that active control liberates the process of suspension design. 
As soon as electronically-controlled suspensions are used it is possible to do 
things that are not possible with purely mechanical systems - what can be 
achieved is limited only by what is measured and how many actuators are 
fitted. An actuator can be made to look like a skyhook damper, even though 
it is fitted in the place of a normal passive damper, and the ’’modal control 
approach” provides an extra design dimension not available in conventional 
suspension design. 



3 The Basics of Wheelset Control 

The dynamic properties of the railway wheelset are well understood. The axle 
connecting the wheels and the coning or profiling of the treads combine to give 
a natural mechanical steering action. The outward movement of the wheelset 
when a curve is encountered creates a yawing action such that the curve is 
followed. The difficulty is that the solid-axle wheelset is also kinematically 
unstable, and stabilisation is conventionally achieved through introducing a 
stiff yaw connection, but this also interferes with the curving action. There 
is therefore a well-known trade-off between stability and curving. There have 
been many studies into mechanical solutions by which the trade-off can be 
reduced - yaw relaxation dampers, cross-bracing, self-steering bogies, etc [5]. 
However the contradiction between achieving high-speed, stable running and 
effective curving still exists, and in practice results in unnecessary wear of 
the wheels and rails, and also unbalanced lateral forces between the two axles 
in a bogie, an effect that may be particularly important on fast large-radius 
curves. The aim of applying active control to the wheelset is to overcome the 
contradiction. 



3.1 Ideal Curving 

It is important first to understand the ’’ideal” curving position for a railway 
wheelset. Whether intuitively-derived ’’classical” or mathematically-formulated 
’’modern” control strategies are used, this understanding is important to 
guide the process of design. 

The starting point is to provide an angle which gives radial alignment 
with the curve, occurring in opposite directions for the two wheelsets - this 
is shown on Fig. 4 as ai. The appropriate angle can be calculated from the 
geometry using the longitudinal spacing of the wheelsets and the curve radius, 
ie. 



ai = IjR {£ < R) 



( 1 ) 
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Curve 

centre 



Fig. 4. Ideal curving 



where i = semi-longitudinal spacing of the wheelsets, R = curve radius. At 
balancing speed, ie when there is no cant deficiency, these angles will give 
ideal curving, but under normal operating conditions it is also necessary 
to provide the appropriate cant deficiency force, which requires an angle-of- 
attack, shown as Q2 on the diagram . The angle is dependent upon the lateral 
creep coefficient, the mass and the cant deficiency acceleration at rail level, 
i.e. to a first approximation independent of both curve radius and vehicle 
speed. 



W acd 

Ot2 — -7 

J22 9 



(2) 



where /22 = lateral creep coefficient, W = axle load [N], acd — cant deficiency 
acceleration, g = acceleration due to gravity. Whereas ai is applied to the 
two wheelsets in different directions, the angle- of- attack o;2 must be applied 
in the same direction such that the cant deficiency forces are provided by 
lateral creep forces on the wheel tread. There also has to be a lateral wheel- 
rail deflection to give the correct rolling radius difference such that there 
are no longitudinal creep forces, and hence the yaw torque applied by the 
creep forces is zero. Accordingly the total steady-state yaw torque applied 
from the bogie to the wheelsets must be zero. Two consequences arise under 
this condition: firstly the total wear in the contact patch will be minimised, 
but also the lateral forces at the wheelsets will be equalised, an important 
attribute particularly on high-speed curves. 

Fig. 5 shows typical wheelset steering angles as a function of curve ra- 
dius, the middle curve being the purely radial steering case, in other words 
ai. The angle-of-attack o;2 is the difference between this and the upper and 
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Fig. 5. Wheelset steering angles v. curve radius 



lower curves which are for the leading and trailing wheelset angles respec- 
tively. The graphs are for a cant deficiency of 2ms~^, a relatively high value 
but typical for a tilting bogie. What is important is that the angles are domi- 
nated at high speed on large radius curves by the angle-of- attack component, 
which means that, although radial steering is effective at low speeds where 
ai dominates, it is not effective for equalising the lateral forces on high- 
speed curves. In fact, to achieve ideal curving, in many cases it is necessary 
to turn the trailing wheelset completely the other way compared with the 
radial steering condition - this can be seen from the lower graph, which is 
negative for radii above 400m. 

The discussion so far has been concerned with normal solid-axle wheelsets, 
but exactly the same steering angles apply for independently-rotating wheels 
(IRWs). The main difference is that the lateral wheel-rail deflection is no 
longer constrained to the rolling line - by allowing relative rotation between 
the two wheels in each wheelset it is possible to satisfy the ideal curving 
condition anywhere on the wheel tread. One might for example choose to 
control it so that the wheels are always in the central position, thereby max- 
imising the distance to the flange. However the limiting case is interesting, 
where the wheelset has moved sideways to run in the root of the flange at 
exactly the right place for the contact angle to provide the curving forces. 
No angle-of-attack is then needed, and if the radial steering angles a± are 
applied to wheelsets with IRWs, on a steady curve they will move sideways 
to exactly the right position, conditional of course on this being a stable 
operating condition for the wheelset. 
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3.2 Control Strategies 



Track inputs 



► 

Acceleration 



{Geometry) 




(Contact mechanics) 

Fig. 6. Feedforward steering controller 



The insights expounded in the previous sub-section lead to two different 
control approaches. The first is principally a feedforward strategy, in which 
the required steering angle is calculated from an appropriate set of sensors 
(and other data), and then applied as a command to a steering angle con- 
troller - the overall scheme is shown in Fig. 6. This includes feedback around 
the steering actuator in order to achieve the correct wheelset angle, but es- 
sentially this remains a feed forward strategy, and errors in the steering angle 
command will directly affect the steering accuracy. Such errors will arise from 
measurement inaccuracies, from not being able to measure everything that is 
required, or from inaccuracies in the equations used to calculate the steering 
angle command. 

Suspension yaw torque 



t 

Steering actuator torque 
Fig. 7. Feedback steering controller 



Actuator 
control 
\ > 




The alternative is a feedback strategy, derived from the observation that 
under ideal curving conditions the longitudinal creep forces are zero. The 
most fundamental approach is to measure and/or estimate the total torque 
being applied to the wheelset - in Fig. 7 this is shown as the difference be- 
tween the torques from the primary suspension and the actuator system. 
Then feedback control can be used to reduce this total torque to zero at low 
frequencies, typically using integral action. Although this is not directly dic- 
tating the wheelset angle, it is setting-up the necessary conditions for ideal 
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curving, essentially to reduce the longitudinal creep forces to zero. If the 
wheelset or bogie is stable, this kind of feedback strategy automatically cre- 
ates the ideal curving condition. This effect was observed a few years ago 
when the author studied a concept that is called ’’active yaw relaxation” 
[6]. The scheme in Fig. 8 shows that the longitudinal link from the axle box 
includes an actuator in series with the spring; electro-mechanical actuators 
were used so that at high frequencies there was no movement, and stability 
was provided by an appropriate choice of series spring. At low frequencies 
however the actuator was controlled just as described, that is to bring the 
total force being applied to each axle box to zero. 




Fig. 8. Active ”yaw relaxation” scheme (side view of the arrangement) 



Of course this kind of arrangement can be extended so that the actuators 
provide stability as well as steering, and one stability control approach arises 
from analysis of a basic wheelset [7] . Although conventional passive dampers 
are not able to stabilise a bogie, it can easily be shown that active damping is 
effective. Either a lateral force on the wheelset proportional to yaw velocity, 
or a yaw torque proportional to lateral velocity, can be used to give stability, 
both of which can be straightforwardly achieved through active control. Fig. 9 
shows how this might be implemented - the signals from lateral accelerometers 
on the wheelsets are integrated to give velocity, and then a suitable active 
damping value applied to give a dynamically- varying actuator torque, applied 
to the wheelsets by means of an appropriate actuator arrangement. 

These paragraphs have provided an introduction to some of the possibili- 
ties for active steering and stability control, although it must be appreciated 
that there are a number of theoretical and practical considerations not men- 
tioned here. For example it is necessary to ensure that there is minimal action 
at low frequencies otherwise the steady-state curving will be upset; similarly 
the steering action must be slow enough not to affect stability, but both of 
these requirements are achievable. 
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Sensors 




Fig. 9. Active damping controller 



3.3 Solid- Axle vs. IRW Wheelsets 

Wheelsets with IRWs were mentioned previously, and it is interesting to 
observe that, once the use of active steering/st ability control has been ac- 
cepted, it makes sense in many ways to use this arrangement rather than the 
conventional solid- axle wheelset. Of course the natural mechanical steering 
action has disappeared, but the control can provide this. With IRWs the 
control action is no longer ’’fighting” the kinematic motion, and it proves to 
be much easier to control, and requires lower actuator forces. With a solid- 
axle wheelset the maximum rolling radius difference still limits the minimum 
curve radius, even with active control, whereas this is not an issue with IRWs. 
In fact, purely cylindrical (ie unprofiled) wheels could be used if required, al- 
though studies have suggested that sensing of the relative speed between the 
two wheels is extremely useful for control purposes [8]. Disadvantages are 
that traction and/or braking are more difficult when the wheels can rotate 
independently, and also the failure modes may need more careful considera- 
tion. 



4 Performance of Active-Steered Rail Vehicles 

At present, although there are one or two practical implementations, most 
work is restricted to simulation studies and these give an indication of the 
kinds of improvements that are possible. 

Fig. 10 shows a comparison of wear figures between a passive vehicle and 
various active control approaches. The detail of the various strategies listed 
across the bottom is not important - the message to take from these results is 
that any sensible active strategy can fundamentally solve the problem of wear 
on curves. There are some differences in performance between the strategies 
which cannot be seen in the figure, but all give very low levels of wear. 

Fig. 11 gives some more results, in this case a comparison between the 
lateral forces for the two wheelsets in a bogie. The dark column is for the 
leading wheelset, the light column for trailing. This is a comparison between 
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Fig. 10. Improvements in wheel wear through active control 
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Fig. 11. Equalisation of lateral forces through lateral control 



different active steering approaches (C1-C5) and so the passive case is not 
shown, but it is a rather stiff suspension for high-speed operation and so the 
lateral force difference for a passive bogie would be significantly larger than 
for strategy Cl. The important point here is that the lateral forces can be 
completely equalised, as can be seen from the results for C4 and C5. 

There is a difference between these two strategies that can only be seen 
by looking at the longitudinal forces as shown in Fig. 12, which shows the 
magnitude of the longitudinal force at each wheel - again the dark column is 
for the leading wheelset, the light one for trailing. For C4 they are zero, but for 
C5 they are non-zero. In other words, it is possible to devise an active steering 
strategy that will equalise the lateral forces without minimising the wear, but 
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Fig. 12. Minimisation of longitudinal wheel/rail forces through active control 



the reverse is not possible - minimising the wear also results in equalising 
the lateral wheelset forces. Of course there are a number of design issues 
relating to both steering and stability strategies that have not been addressed 
here, but these results are sufficient to illustrate the possible performance 
improvements provided by active control. 

5 Research Challenges 

Although the control aspects have been simplified to focus upon the prin- 
ciples, a variety of control techniques have been proposed by researchers. 
However there are a number of key issues that need to be developed. The 
control engineer always wants lots of sensors when the system is dynamically 
complex, partly for reasons of basic performance, but more importantly to 
ensure robustness of the control action as parameters such as conicity and 
creep coefficients change. By contrast the vehicle systems engineer will want 
as few sensors as possible, and so the overall control configuration is critical: 
how many sensors to use, where to fit them, and what types to use are still 
open questions. There is a similar challenge relating to actuators, not only 
how many and what technology to use, but also their speed of response. Steer- 
ing control usually requires rather slow-acting devices, whereas for stability 
control they must certainly have a much higher frequency range, probably 
20Hz or higher. Controller implementation is much less of an issue because 
of the processing power that is available nowadays. However the controller 
design process is important: a robust linear time-invariant controller is to 
be preferred because stability is provable for the vehicle acceptance process, 
whereas if adaptation is used to accommodate parameter variations, proof 
of stability is significantly more difficult. Achieving adequate levels of safety 
and reliability is almost certainly the biggest challenge. Current rolling stock 
acceptance procedures rely upon a demonstration of high-integrity mechan- 
ical components that will not fail under normal conditions. In some cases 
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this basic principle can be applied with an active system using a mechanical 
back-up, but generally this will offset a number of the advantages provided 
by active control, and so new approaches and techniques are needed that will 
reflect the characteristics of electronic control - highly reliable when designed 
properly, but with less well-defined failure modes. Inevitably this requires 
redundancy, fault diagnosis and a structured approach to fault handling and 
repair - the key attribute being affordability. 



6 Impact of Active Suspensions 

Although active secondary suspension possibilities have only been briefly dis- 
cussed, focussing instead upon active steering and stability control, it is useful 
nevertheless to reflect upon the active suspension possibilities in general in 
order to provide a perspective upon their relative impacts. The applications 
have been rather simplistically divided into three: tilting, active ride control 
and active wheelset control. 

Tilting is of course now widespread, but analysis shows that the returns 
are relatively small: the vehicles are more expensive but give up to 30% 
higher speed through curves. Generally a lot of track work is required, and 
then journey time reductions in the region of 12-15% are possible, but with- 
out the track improvements this falls to below 10% [9]. Obviously these are 
approximations because the performance is very route-dependent, but the 
general message is that tilting requires expenditure on both vehicles an track 
for relatively small improvements in journey time. 

Active secondary suspensions to give improved ride quality are now well 
understood, but surprisingly little used. It has for example been used on 
the 500 series Shrinkansen, but only on the end vehicles where there was 
a problem with ride quality. It is possible that the biggest benefits would 
come from using the improved suspension performance to provide a good 
ride quality on power track and thereby save track maintenance costs. At 
present however the cost base is not well enough understood to be able to 
make cost-benefit analysis that would confirm or refute this approach. 

In contrast, controlling wheels and wheelsets is potentially very large in 
its benefits compared with these other two options as explained in the next 
sub-section. The research challenges and engineering hurdles are much bigger 
than for the first two applications, but perhaps this is inevitable when the 
impact is much larger. 

6.1 Benefits of Active Wheelset Control 

There are three possibilities for active wheelset control, all related to vehicle- 
track interaction, the first two of which follow directly from what has already 
been said. Firstly, the indications are that with active steering and/or sta- 
bility control it will be possible to eliminate virtually all ’’unnatural” wear 
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of the wheel and rail, in other words the wear that arises from sub-optimum 
performance of the running gear. It is not possible to do anything about the 
wear that comes from traction, braking and cant deficiency forces, which is 
what is meant by the ” natural wear” . Secondly, the ability with active control 
to minimise the lateral forces both statically and dynamically on curves is 
clearly an important attribute. This can be used for the benefit of the vehicle 
design so that the best possible use is made of the lateral force limit imposed 
by the track engineer. Alternatively it could be used to achieve lower lateral 
forces on the track in general, perhaps providing a saving in maintenance 
cost. 
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Fig. 13. Simplified vehicle configurations 
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The third possibility comes from using active control to achieve simpler, 
lighter, more track- friendly vehicles. Most high-speed vehicles have four axles 
and two bogies, but two- axle vehicles clearly offer a mechanical simplification 
and reduction in overall weight due to the loss of the bogie frames. Fig. 13 
shows three vehicles instead of two because, although the train weight is 
reduced, axle load limits will generally mean that halving the number of axles 
is not possible. There have been examples of two- axle vehicles, but achieving 
stable running with good curving ability and an appropriate ride quality 
is difficult with passive suspension, particularly for high-speed operation. 
However using active suspension technology can make this feasible. In fact 
this idea can be taken further to consider articulated vehicles: not the TGV 
solution using articulated bogies, but a more advanced option which probably 
represents the most simple mechanical configuration possible. Note that the 
diagram shows a further shortening of the vehicles, again to recognise the 
axle load limit, but also because underthrow and overthrow on curves is a 
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constraint. This configuration is similar to the S-Tog trains in Copenhagen, 
but active control can enable high-speed operation to be achieved, despite 
the simplicity of the mechanical configuration. 



6.2 Vehicle-Track Cost Tradeoff 
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Fig. 14. Typical annual cost of railway system 



The ideas in the previous sub-section are deliberately simplistic, but it is 
certain that lighter, more advanced vehicles will cause reduced damage to the 
track. However it is necessary to consider the total cost of railway operation 
in order to produce a justification. Fig. 14 shows a recent analysis of the 
total cost of running the UK’s railways - subsidies etc are excluded, so this 
is believed to be the real cost. The high cost of the track is obvious, but it is 
also necessary to consider the annual cost of the vehicles. Analysis of these 
two elements in more detail shows that the track cost represents 43% of the 
total, part of which is for track maintenance amounting to 13%. The annual 
vehicle cost works out at 15% and the comparison between these two figures 
is important. The same amount of money is spent on maintaining the track as 
on the total cost of the vehicles, including their maintenance, and this raises 
an important question as to whether this tradeoff, which is largely historical, 
is correct. It seems very likely that there is a good argument for spending more 
on the vehicles to reduce track maintenance; active suspension technology will 
add cost to the vehicles, at least in the early days of their development, but 
it can offer the kinds of improvement in suspension performance that are not 
possible with other solutions, with consequent reductions in infrastructure 
costs. 
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7 Conclusions 

This paper has provided an overview of active suspension technology, with 
an emphasis upon active primary suspensions (ie control of the wheelsets) 
because these are likely to have the biggest effect upon the railway system as 
a whole. 

Three conclusions emerge:- Firstly, it seems very probable that railways 
will follow the lead of aircraft and automobiles and move towards increasingly 
mechatronic solutions. What is less clear is how long this will take to happen, 
and probably depends upon the determination with which the key research 
challenges are addressed, in particular the issue of safety and reliability. Sec- 
ondly, the technology can have a major impact upon the interaction between 
the vehicle and the track and could result in a re-optimisation of the cost 
trade-offs between vehicles and infrastructure. Perhaps at some time in the 
future wheel wear will largely disappear, and rail wear on curves will be a 
thing of the past? Thirdly, if active suspension technology does become the 
standard technology for rail vehicles, other possibilities are almost certain to 
exist, because it is certain that the full potential is not understood at this 
point in time. 

The key question is whether it is possible to engineer safe, reliable and 
affordable actively-controlled railway vehicles that can fully exploit the tech- 
nological opportunities in order to release the potentially large cost savings 
in the infrastructure. Only time will tell! 
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Rolling-Contact-Fatigue and Wear of Rails: 
Economic and Technical Aspects 
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Abstract. High economic and technical requirements need all efforts to increase 
the knowledge transfer from research and development work to the customer - the 
railways companies. It is shown that a lot of work has already been done, but there 
is still a need for further investigation. Research work on Rolling-Contact-Fatigue 
and its relation to wear and economics is one of the fields of investigation which 
needs further support by government, industry and railways. 



1 Introduction 

Rolling- Contact-Fatigue (RCF) -defects are of an increasing importance for 
railways when planning the maintenance budget. A railway has to spend 
about 30.000 EUR year by year per km of track. 50% of this money spent are 
investments and 50% are spent on operation: costs for operational breakdown 
and maintenance are included here. Especially for repairing and managing 
RCF-defects 300 Mio EUR are spent per year in the European community. 

Any measure is therefore justified to increase track - life; a better un- 
derstanding of the mechanisms of RCF and wear - taking into account all 
safety-aspects - will help the railways to save money. 
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Fig. 1. Length-scale covered in railway systems 
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2 Our Environment 

It is typical of the System Railway that a broad scale of activities are nec- 
essary for its evaluation (figure 1). Investigating material properties starts 
in nm (10~^ m) up to //m (10~^ m) regions. The size of the wheel - rail - 
contact area is in the order of 10“^ to 10“^ m. Calculating and modelling 
of the wheel-rail system need investigations from some 10“^ m to some 10^ 
m ( size of track components up to dynamic analysis of vehicles in track). 
Investigations of railway - systems have to be done for up to 10^ m track 
length. Therefore the System Railway actually covers a range of 18 orders of 
magnitude to be investigated. It is obvious that good transfer of knowledge 
is necessary to cover the whole length scale. Managing the chain from basic 
research to the customer - the railways - is a very challenging task. 



3 Rolling-Contact-Fatigue (RCF) 

The rolling of wheels on rails has very specific physical and mechanical char- 
acteristics. The elastic modulus of the wheel and rail material is so high that 
the contact area remains within an order of magnitude of 100 mm^ inspite of 
the extensive stresses. These stresses have been investigated thoroughly by a 
number of simulation programmes, e. g. [1]. The results are very consistent, 
indicating that these stresses are larger than 1000 N/mm^ (figure 4). On 



high stresses at the surface initiates cracks 
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contact 
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Fig. 2. Stresses in the wheel-rail-contact area 



the other hand the material - both wheel and rail - is plastically deformed 
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and may therefore be subject to damage. The stress conditions may change: 
having vertical loads and pure rolling of wheels, the interior of the rails can 
be damaged in the neighbourhood of imperfections (figure 2), whereas - espe- 
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Fig. 3. Load causes material changes 



cially when having slip between wheel and rail - RCF-cracks on the snrface of 
the rail may develop (figure 3). A typical example of very severe Head-Checks 




• shear stresses 
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Fig. 4. The forces between wheel and rail - tangential forces 



is given in figure 5. In that special case cracks have reached lengths up to 
some 10 mm: a very detrimental situation. 

Material behaviour under cyclic stress is characterized by an accumulation 
of strain; when exceeding a certain stress level cracks may develop (figure 
6). The initiation of cracks under vertical and tangential load is described 
best by the model of Johnson and Bower [2] in the so called Shakedown - 
Map (figure 7). Stresses in vertical and horizontal direction cause differerent 
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load ca. 130 MGT’s, wear < 2 mm 

Fig. 5. An example of head-checks developing long cracks 
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Fig. 6. The extent of damage depends on stress level 
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elastic shakedown 




damage mechanisms: applying vertical stress will lead to subsurface defects 
- favourized by imperfections in the steel. With horizontal stresses added, 
which are caused by accelerating or braking actions, the typical RCF-defects 
like Head- Checks, Spalling and Squats can develop on a smaller stress level. 

The development of these cracks is also determined by material proper- 
ties: the ratio p/ke on the vertical- axis in the shakedown-map indicates that 
increasing the shear yield stress kg decreases the extent of material damage. 
Some figures for this material value kg and the stresses calculated for some 
typical track conditions are given in figure 8. 



material 



grade 


K 

[Mpa] 


S900A 


445 


S1100 


550 


HSH 


620 



kg; shear yield point [Mpa] 
[MPa] * IOxHV/6 



load 



axle load 
[to] 




P 

[MPa] 


20 


tangent 


1300 


30 


tangent 


1500 


25 


curve 


2000 



p: pressure in [MPa] 



Fig. 8. Parameters for the Shakedown - Map 



This different behaviour of rail-material was observed in a track test: 
installing and comparing three types of rail - 800, 900 and head-hardened - 
showed after about one year that Grade 800 had light head-checks, the other 
two grades had none. In the meantime - after two years of operation - all 
grades had Head- Checks: inspite of having the highest wear the grade 800 
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also had the deepest cracks whereas the head-hardenend rails had very fine 
headchecks. 

For managing these cracks it is essential to know something about the 
history of these RCF-defects. A lot of work has been done recently in the 
UK; a very useful outcome was to detect a three-stage life of an RCF-crack 
(figure 9) [3]. Phase 1 is crack development, phase 2 is crack growth at a low 
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Fig. 9. The local development of a crack 



angle into the rail material and phase 3 is the branching of the crack either 
upward or downward. It is important to realize that the crack growth rate in 
phase 3 is about 100 times larger than in phase 2. The methods describing 
the different stages are as follows: for phase 1 the already mentioned shake- 
down map can be used. For phase 2 more sophisticated models are necessary 
like FEM analysis or models for low and high cycle fatigue; phase 3 needs 
pure fracture mechanics applying bending stresses on the rail. Concerning 
material knowledge there is a lack of data especially for the highly deformed 
material in the outermost surface area of the rails. The ’’pots of knowledge” 
for material data, for loading and stress conditions and for the mathematical 
and mechanical models themselves are filled to a different degree (figure 10). 

This leads to the unfortunate situation that appropriate methods exist 
for calculating the - already catastrophic - situation in phase 3, but a lack of 
material data and also insufficient knowledge of the best model for phase 2 
make the starting point of phase 3 uncertain. 

4 Wear 

Wear of rails - and wheels - depends on a lot of parameters, whereof material 
properties like hardness and carbon-content are only one group. The condition 
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Fig. 10. The ’’Pots of Knowledge” for calculating RCF-cracks 



of the wheel-rail-contact area - dry, wet, lubricated - , the loading conditions 
- axle load, curves, track irregularities - , and the stress conditions - shape 
of wheel-rail-contact area, car construction - may play an even larger role in 
the field of wear. 

In our context we only describe the material properties. There was a 
historical tendency towards harder rail steel; actually we are on the step 
to introduce the next generation of rail-steel, which can be the harder and 
tougher bainitic steels. So far, head-hardened rail-steels with superior prop- 
erties have been used instead of the heat-treated steels according to the 
CEN-draft (350HT and 350LHT). Examples are the hypereutectoide steel, 
heaving a carbon-content beyond 0,90% and the low-alloyed steels with a 
Chromium-content of about 0,50%. These steels provide an improvement in 
wear resistance of 20% to 100% compared to grade 350HT - heat-treated 
rails. 

One of the advantages of a new generation of rail steels is demonstrated 
in figure 11: having bainitic steels with higher hardness and tensile strength 
results in an increased resistance against RCF-defects, providing additionally 
adapted wear resistance. 

5 The Wear - Crack-Length - Diagramm 

There are obviously two reasons why rails have to be removed from track: the 
one is wear and the other are long cracks due to RCF caused by high stresses 
(figure 12). If the wear is minimised by using highly wear resistant rails and 
additionally by heavy lubrication, the wear can be so small that cracks can 
grow deep into the material. If this condition is observed, one of the most 
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Tensile Strength [Mpa] RCF - Resistance 
Fig. 11. Increasing wear - and RCF-Resistance 



important measures to avoid these cracks is to consider reducing the stresses 
between wheel and rail. This sounds trivial, but tremendous work has been 
done how to manage this task: optimizing the wheel-rail shape; best track 
quality to minimize dynamic effects; roundness of wheels; ’’trackfriendly” 
cars;. . . 
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Fig. 12. Part 3: Combining wear and RCF: wear - crack length - diagram 



If RCF-defects cannot be avoided by these measures, grinding of rails is 
necessary to generate artificial wear. 





Rolling-Contact-Fatigue and Wear of Rails 



59 



This raises the question for the best method to improve rail life in the 
railway system : besides all physical and mechanical investigations economic 
points of view have to be added to research work. 

6 Fields of Research and the Link to the System Costs 

Basically, three fields of research - according to the length-scale shown above 
- can be defined for investigating the system railway: 

• Basic research describes material properties and contact mechanics; 

• Movement analysis describes car- and track-dynamics; 

• Operation analysis informs about optimum maintenance strategies how 
to achieve lowest system costs. 

For discussing the interaction between wear and crack growth we will focus 
here on the third field, which means answering the question: what is the best 
method of getting maximum track life. 

One way of getting the relation between wear and crack growth was shown 
by British researchers (figure 13) [4]. Rail life is determined by either extensive 



The question of position: 




Fig. 13. Part 4: How to manage the system - costs 



wear or large crack lengths, both leading to very expensive actions. The 
optimum point is on the intersection of the two lines. The problem is to find 
this point. It is not clear, if the intersection remains in the same position 
during rail-life. Generally the lines are valid for only one particular position 
in the track; all other conditions can vary considerably. 

A similar approach clarifying this problem is shown in figure 14. Con- 
sidering wear and crack-growth behaviour on a certain position in track, the 
mechanism will change from higher wear at the begin of rail life to an increas- 
ing crack- growth, making grinding necessary. The curve pairs may differ from 
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MGTs 




position to position, but if the stresses are high enough, cracks will develop 
and the effect of removing cracks by wear disappears. According to investiga- 
tions in the UK [3] , the crack growth diminishes after a certain time and a 
point of stability is reached. It is questionable if this point of stability can be 
found for all track positions. To manage a system with ” self- wearing” rails 
makes it necessary to know all the stress conditions along the track to find 
an optimum combination of rail-grades to be installed in in track. 
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Fig. 15. How to manage maintenance - the ” Magic Wear Rate” 



A second possibility was introduced by Kalousek and Magel [5] : the prin- 
ciple of the ’’Magic Wear Rate” (figure 15). As shown above, cracks develop 
after a - site-dependent - time and grow to a depth making any corrective 
measures very expensive. The idea of this priciple is to remove the fatigued 
layers very early and if possible to do it by light grinding. By doing so the 
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development of cracks starts again on a crack-free rail surface. The so-called 
” preventive grinding” is repeated periodically. It was shown that it is possible 
to prolong rail life significantly. This method makes it also possible to use the 
advantage of head-hardened rails of having a larger resistance against devel- 
opment of RCF-cracks. Understanding this system and managing it properly 
has proved to offer a safe and cost effective method of maintenance. 

7 The Chain from Research to the Customer 

As described above, the system railway needs information starting at atomic 
scale up to the operation of thousands of track kilometers. It should be pos- 
sible to improve the situation if all basic research work considers the whole 
system. 

A well known problem is sub-optimization. Optimizing for example the 
costs of the vehicles by simplifying bogie-frame-construction while neglecting 
about the impacts on the track, finally leads to spending much more money 
for maintenance. One of the possibilities to solve this problem was shown in 
the UK. An organisation called WRISA - the Wheel- Rail-Interface-System- 
Authority - has been founded to direct system optimization [3]. 

The situation for all basic research work is similar: basic research on 
material properties, friction management, vehicle- and track- dynamics, de- 
velopment of non-destructive measurement methods.... combined with the 
investigation of the effect of different materials and maintenance methods 
on the economics should be done by considering the entire system and the 
principle that all components influence each other. 

Our customer, the railway, is situated at the end of the chain. Research 
and development work therefore has to provide materials and methods which 
enable the railway to operate their system at a safe and cost effective level. 

The more effort is invested in research work to achieve a positive impact 
on the system costs, the more it is justified to finance research by government, 
industry and the railway-operators themselfes. Research at all stages on the 
length-scale shown above may have a strong multiplying effect; the motto of 
any research work herewith under discussion should be: 

we do research for the benefit of the railway. 
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Abstract. This paper presents vibration studies and stability analyses of a rail- 
way passenger coach. The wheelset excitations are analyzed to determine which 
orders of polygonalization generate droning noise in ICE passenger coaches. The 
strength of conventional wheelsets against vibrations due to polygonalized wheels is 
investigated. Radialelastic wheels reduce the unsprung mass and isolate the bogie 
frame and carbody from the medium and high frequency excitation caused by the 
wheel/rail interaction. A parameter optimization of such wheels leads to consider- 
ably reduced carbody vibrations. Stability tests, especially for the so-called hunting 
motion, are performed for various parameter sets of radial- and lateralelastic wheels. 
The results show that wheels with increased bending stiffness and improved param- 
eters are feasible, and guarantee the stability of the wheelset motion as well as a 
noise reduction. 



1 Motivation 

In 1991 the high speed trains Intercity Express (ICE) were introduced in Ger- 
many. During the daily service of the ICE some noise problems appeared. In 
particular, a medium-frequency structural vibration of the carbody was no- 
ticed by passengers after wheels are getting out-of-round, see Pallgen[29]. 
The so-called ICE-droning is characterized by frequencies in the range of 
70 to 100 Hz. First investigations showed that the radius alteration of the 
running surface of the wheel results in this phenomenon. The formation and 
accentuation of periodic alterations of the wheel radius is called polygonaliza- 
tion, see Meinders and Meinke [21]. Polygonalized wheels excite the wheelset 
deterministically and thus lead to the observed vibrations of the carbody. 
Hence, the vibration transmission between the wheels and the carbody has 
to be reduced. The most suitable proposal is the substitution of the con- 
ventional wheelsets by radialelastic ones where the wheel rim and the wheel 
disc are connected elastically. Figure la illustrates the design of patent [25] 
realizing rubber-suspended wheels. The noise problems were reduced by this 
design featuring the so-called third suspension but the strain on the wheel 
rims increased. As a consequence of strong dynamic loads, a wheel rim broke 
in the summer of 1998. The train derailed and crashed into a bridge near 
Eschede, Germany. Immediately, the rubber-suspended wheelsets were re- 
placed by conventional ones. However, two questions arose: 
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1. Does the axle of a conventional wheelset really resist the dynamic loads 
caused by polygonalized wheels? 

2. Are there other designs for radialelastic wheelsets which provide improved 
performance and strength while guaranteeing the stability of motion? 

The conventional wheelset has to resist static loads from gravitational 
forces and dynamic loads caused by all kinds of vibrations. The high speed 
of the train requires the consideration of the rotor dynamics of the flexi- 
ble wheelset. Moreover, the wheelset may be unbalanced. The proof of the 
strength of the wheelset requires a computation of dynamic stresses. 

The third suspension approach has proved to be suitable for the reduc- 
tion of the droning noise. Nevertheless, only designs with increased strength 
against dynamic loads are qualifled (cf. Ref. [2]). Here, the patented de- 
sign [34] is taken into consideration, see Fig. lb. The wheel rim is reinforced 
by a T-shaped cross-section which increases the radial bending stiffness con- 
siderably in comparison to that of the simple wheel rim in Fig. la. The eval- 
uation of the feasibility requires a thorough investigation of the dynamics of 
a passenger coach equipped with such wheels. 



2 Flexible Multibody Systems 

The multibody approach, comprising rigid and flexible bodies and using a 
minimum set of generalized coordinates, has proved to be successful for sim- 
ulation of mechanical systems, see Ref. [33]. In a flexible multibody system, 
the rigid bodies represent the inertia and moment of inertia of the stiff system 
components, and the structural flexibility is modeled by flexible bodies. The 
bodies may be connected by massless joints and force elements to each other 
or to the inertial frame. The forces and torques that are acting on the bodies 
may be volume forces or surface forces. In addition, rheonomic constraints 
can be introduced by position controls. 




Fig. 1. Wheel rim designs 




Railcars with Radial- and Lateralelastic Wheels 



67 



2.1 Kinematics and Kinetics 

In multibody systems a flexible body j may be represented by a reference 
frame j. This frame describes the large translational and rotational motions 
which are nonlinear in general. The elastic deformations will be considered 
relative to this frame. The vector d from the reference frame to a material 
point in the deformed conflguration reads as d{c,t) = c u{c,t) where c 
indicates the position of a material point in the undeformed conflguration. 
The displacement held u may be obtained from a flnite element discretization 
as u{c,t) = N{c)u{t). The interpolation matrix AT(c) comprises the local 
shape functions, which are each valid within the corresponding flnite element 
only. The vector u{t) contains the displacement coordinates of the FE nodes 
of the flexible structure. The large number of degrees of freedom of the FE 
nodes may be reduced by modal condensation. The relation between the 
generalized elastic coordinates ye{t) and the displacement coordinates u{t) 
of the corresponding elastic deformation can be denoted by 

u{t)=Ty,{t). (1) 

The time-invariant transformation matrix T may be chosen as a reduced 
modal matrix comprising a set of mode shapes. In this way, the displacement 
held u is represented by u{c^t) = ^(c) ye(t) with the time invariant global 
shape matrix ^(c) = N{c) T. 

The absolute position of the frame, which is attached to a material point of 
the flexible body, is given by the vector r (c, t) = rj (t)-hd{c, t ) . The vector rj 
deflnes the origin of the reference frame j with respect to the inertial frame. 
The velocity and acceleration of the elastic body can be derived using the 
relative kinematics. The properties of the flexible bodies may be evaluated 
with the flnite element method (FEM) and stored as time independent volume 
integrals, the so-called mode shape matrices. The formulation of the Newton 
and Eulerian equations considers the topology of the system as well as the 
description of the flexible bodies. Applying the principle of D’Alembert the 
equations of motion can be written in the form 

M{y)y{t) + kciy,y) + ki{y,y) = q{y,y,t) (2) 

with the mass matrix Af , the vector of generalized Coriolis forces kc, the vec- 
tor of stiffness and material damping forces k [ , and the vector of generalized 
applied forces q. The generalized coordinates of the system are assembled in 
the vector y comprising the subvector y^ of the rigid body motion and the 
subvector y^ of elastic coordinates. A detailed description of this approach 
can be found in Shabana [37]. The simulation of the system can be carried out 
by standard time integration techniques, see Hairer, Nprsett and Wanner [13]. 

2.2 Dynamic Stresses 

The analysis of the strength of a system component requires the detection 
of regions of high stress concentration. These regions can be identified in the 
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stress distributions at a certain sequence of time instants, and representative 
material points can be selected for further evaluation of stress trajectories. 
The stress trajectories may be calculated by superposition of normalized 
stress matrices and the trajectories of elastic coordinates. The extended de- 
formation method described in Seibel [36] and Ref. [6] uses the superposition 
of a suitable set of eigen-, attachment- and constraint-modes representing 
also static preloads, see also Craig [9]. If the set of modes is appropriate, not 
only the static behavior but also the dynamic behavior of the structure is 
described correctly up to the frequency of the highest eigenmode considered. 

The trajectories of all generalized coordinates j/e of the flexible body 
under consideration are found by MBS simulation. These trajectories provide 
information about the elastic deformation corresponding to the selected set 
of mode shapes. Therefore, the multiplication of the transformation matrix T 
by the trajectories ye{t) results in the displacement coordinates u(t) of all 
FE nodes of the structure, see (1). The displacement trajectories v{t) are 
used as input for a FE analysis. Then, the stress distribution of the entire 
FE structure can be evaluated by 

(t(c, t) - H{c) B{c) N{c) u{t) (3) 

where H denotes the Hooke’s matrix and B the strain-displacement matrix. 
Postprocessing by these static analyses results in the corresponding stress tra- 
jectories a{t) at each FE node. The advantages of FE postprocessors can be 
used to visualize stress components, equivalent stresses, or principal stresses 
of a three-dimensional structure. Thus, even time- variant locations of high 
stresses can be detected easily. 

In the extended deformation method, the stress trajectories cr^{t) at 
node k are evaluated by superposition of normalized stresses which are scaled 
by trajectories of the generalized elastic coordinates 

cr\t) = P(c'=)ye(i) = P'^Veit) - (4) 

The stress matrix contains precalculated normalized stresses at the se- 
lected node due to the selected set of eigen-, attachment-, and constraint- 
modes. In accordance with the evaluation of the stress distributions, the re- 
sults are correct within the limits of the modal condensation. In comparison 
with the deformation method described in Melzer[22], only a small number 
of elastic coordinates is required to obtain stresses with high accuracy which 
is necessary for fatigue limit evaluations (cf. Ref. [3]). 

2.3 Stability of Motion 

The equations of motion (2) can be transformed to the state space form 
x{t) — f{x^t) with the state vector x{t) — [ y^ {t) y^{t) and the vector 
field /. A solution x*{t) of this system of differential equations is said to 
be Lyapunov stable (see Nayfeh and Balachandran [24] ) if, for a small num- 
ber e > 0, there exists a number (5 = ^(e) > 0 so that any other solution x{t) 
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which fulfills II X* — X II < J for the initial time t = to satisfies also the con- 
dition II X* - a: II < e for alH > to- A solution x*(t) is asymptotically stable 
if it’s Lyapunov stable and if lim^_^oo II ~ ^ II ^ 0 . This holds also for the 
equilibrium solution which is one of the solutions x{t) . 

The asymptotic stability of a system of linear equations can be checked 
without the study of the solutions x{t) in time domain but by the investi- 
gation of global properties of the equations. The equations of a system with 
constant coefficients read in state space form as 

x{t) = Ax{t) -f b{t) (5) 

with the system matrix A. The excitation or disturbance vector b vanishes 
if the system is not subject to excitation. In this case the system is asymp- 
totically stable if all eigenvalues of the system matrix A have only negative 
real parts. 

Linear systems are not restricted to constant coefficients but may have 
periodic coefficients. The corresponding equations read in state space as 

x{t) = A{t) x{t) + b{t ) . (6) 

The stability of such system can be evaluated with the Floquet-Theory if 
A(t) = A{t -h T) with the period T, see e.g. Muller and Schiehlen [23]. The 
transition matrix ^ can be formulated as to) = Z{t) with a peri- 

odic matrix Z{t) = Z{t-\-T) and a constant matrix R. At the initial time to 
the transition matrix as well as matrix Z become the identity matrix /, 
^{to, to) = Z{to) = I. For t= {to + T) holds ^(T) = ^{to + T, to) = I . 
The system is asymptotically stable if the absolute value of each of the eigen- 
values of the transition matrix ^ is lower than 1. The transition matrix ^(T) 
can be evaluated numerically through integration of the matrix equation 

4{t,to) = A{t)0{t,to) . (7) 

Local asymptotic stability of nonlinear systems is given if for a solu- 
tion x*{t) all solutions x{t) fulfill || x* — x || < J for the initial time to and 
satisfy lim^^oo || x* — x || ^ 0 . The set of solutions x is infinite but a finite 
number of them can be evaluated only. In this way, the asymptotic stability 
can be tested for a representative subset of solutions through time integra- 
tion of the equations of motion. This procedure may be very expensive with 
respect to computation time. However, instability of the system is given if 
one unstable solution is found. 

2.4 Optimization and Parallel Computing 

An improved dynamic behavior of a mechanical system can be achieved 
through optimization of the available design parameters. The optimization 
requires not only a suitable model representing the dynamics of the system 
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sufficiently, but also the definition of optimization criteria and design pa- 
rameters p including the admissible parameter range. Additionally, initial 
conditions for the generalized coordinates of the system must be defined for 
the evaluation of the criteria. For multibody systems the initial conditions 
can be written implicitly in vector notation as 

yo : ^o(to,yo) = 0 and 

Vo ■ ^o{to,yo) = 0. (8) 

After the integration of the equations of motion, the trajectories of the gener- 
alized coordinates y are available for the evaluation of optimization criteria. 
These criteria may be explicit criteria = ^^{p) which are independent of 
the generalized coordinates y. Criteria that depend on the dynamic behavior 
of the system are called functional or integral criteria, 

= G(ii,yi,yi,yi,p) + J F{t,y,y,y,p) dt (9) 

to 

where the subscript 1 denotes values at the end of the simulation. If a criterion 
cannot be defined in this way, it has to be defined by the user and, hence, is 
called user-defined, 

<p^ = (p^{t,y,y,y,p) . (10) 

Furthermore, restrictions can be defined as equality constraints or as inequal- 
ity constraints. During the optimization, the optimization criteria or perfor- 
mance functions, respectively, are to be minimized without violation of the 
defined restrictions. A multicriteria optimization, see e.g. Eberhard [10], is 
needed if engineering requirements lead to contradictory performance func- 
tions. The optimization algorithm may be deterministic or stochastic. De- 
terministic optimization algorithms mostly require differentiable systems to 
compute the next set of design parameters based on the previous set. These 
algorithms find local minima very efficiently but it depends strongly on the 
initial design vector which one of the local minima can be found. Stochastic 
algorithms vary the design parameters stochastically and, therefore, they are 
not restricted to a local minimum but are able to find even the global one. 
Nevertheless, stochastic methods imply a large number of criterion evalua- 
tions and, thus, are very time consuming. 

3 Excitation of Wheelsets 

A wheelset is subject to deterministic and stochastic excitations caused by 
wheel/rail interaction. Stochastic irregularities of the track geometry are de- 
scribed in Popp and Schiehlen [32]. Numerous measurements demonstrate 
that these irregularities can be understood as stationary stochastic processes 
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and described by spectral power density functions. The vertical profile ( is 
considered as input for the vehicle model presented in this paper. The profile 
along the distance ^ can be understood as an ergodic Gaussian process, char- 
acterized by the mean value ( and the correlation function R(^. The Fourier 
transformation of the correlation function yields the power spectral density 

+ 00 

= ( 11 ) 

— oo 

A spectral representation method, described in Hu and Schiehlen [15], yields 
efficiently sample functions of the geometrical irregularities from the spectral 
power density functions. The obtained data represent samples of a realistic 
track with averaged properties, see Ref. [1]. 

Deterministic excitation may result from the discrete support of the rail, 
producing the so-called tie excitation, and/or from the polygonalized running 
surface of the wheel, respectively. The polygonalization process forms radial 
irregularities of the running surface which can be described through a series of 
sinusoidal functions. A wheel has to be reprofiled if the unevenness exceeds a 
certain amount. By this procedure the wheel radii are quite strongly reduced. 
Thus, the resulting excitation frequency fn depends not only on the traveling 
velocity v and order n of the wheel polygonalization but also, to some extent, 
on the averaged wheel radius r, 

Ti 

fn{v,n,r)=v— (12) 

This relation is shown in Fig. 2 for different orders of polygonalization. In 
addition, the tie excitation is depicted in the diagram. Some relations between 
frequency and velocity are not visualized by lines but by areas, due to the 
dependency on the wheel radius. The lower limit of an area corresponds to a 
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Fig. 2. Possible reasons of vibration by frequency interaction 
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polygonalized wheel with nearly original radius and the upper limit denotes 
a polygonalized wheel with minimal radius. 

Measurements show that only polygonalized wheels cause the undesired 
car body vibrations characterized by frequencies in the range of 70 — 100 Hz. 
The vibrations occur over a large range of velocity but only at velocities 
higher than 200 km/h. The frequency range of the undesired car body vi- 
bration, the so-called droning noise, is also marked in Fig. 2. Considering 
linear systems, the excitation frequency has to be within this range too. 
Exclusively the areas of 3^^ and 4^^ order polygonalization meet this require- 
ment. In accordance, dominant polygonalizations of 3^^ and 4^^ order have 
been found through measurements made by the German railroad company 
Deutsche Bahn, cf. Zacher[39]. The polygonalizations may be approximated 
by sinusoidal functions with a maximum amplitude of 0.3 mm, see Schu- 
bert [35]. The tie excitation, which occurs independently of the wheel polygo- 
nalization, fits neither the marked frequency range nor any polygonalization 
of the orders considered. Hence, this type of excitation cannot lead to the 
above-mentioned droning noise. 

4 Strength of Conventional Wheelsets 

A model of the ICE passenger coach consists of the carbody, bogie frame, 
wheelset and rail. Since the vertical dynamics are of major interest here, a 
plane model with mainly vertical degrees of freedom is considered. 

In this model, the flexible wheelset is forced to 
run on rigid rails without slip and without yaw mo- 
tion. Moreover, the bogie frame is prevented from 
performing a pitch motion. Therefore, the model 
can be reduced to one wheelset, a half bogie frame 
and a quarter of the carbody since the excitation of 
both wheelsets is assumed to be identical. Figure 3 
depicts the resulting model. The primary and sec- 
ondary suspension is realized by linear springs and 
dampers. It is assumed that the carbody and the bo- 
gie frame each have one vertical degree of freedom, 
and that the bogie frame can also perform a roll 
motion. The wheelset is in permanent contact with 
the rigid rails and the model moves longitudinally 
along the track with constant speed v. 

An FE model of the unconstrained wheelset is described by Meinders [20] 
and shown in Fig. 4. Some modifications are carried out in the FE pro- 
gram ANSYS [26] to prepare this model for further stress evaluations, e.g. 
reorientation of local coordinate systems. Another delicate problem is the 
application of the wheel/rail contact forces to the rotating flexible body be- 
cause the forces have to be applied to FE nodes that are passing the contact 
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Fig. 3. Vertical model 
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Fig. 4. Finite element model of the wheelset 



area. Hence, a contact force would have to be distributed most of the time to 
more than one FE node and, moreover, these nodes are alternating. A more 
efficient approach is the transformation of the contact forces to the center 
of the very stiff wheel rim because this center performs only a translational 
motion. This approach is based on the fact that the rim is relatively stiff in 
comparison with the wheel disc whereby the deformation of the wheel rim 
can be neglected. The normal and tangential forces fn and ft at the contact 
point are transformed into the forces /*, ff and the torque acting at the 
center of the wheel rim, see Fig. 5. In a second step, after considering the 
rigid rotation motion of the flexible body, the forces are transformed back to 
the outer link nodes at the very stiff wheel rim by adding four very stiff beam 
elements, each with one node in the wheel rim center. A similar procedure is 
carried out for the forces of the primary suspension (cf. Lippold [19]). 

The wheelset unbalances are modeled as additional particles attached to 
FE nodes of the wheels and braking discs as described in Ref. [8] . The original 
number of about 24,000 degrees of freedom of this FE model is reduced to 
1200 through the reduction of Guyan[12]. After the evaluation of the low 
frequency eigenvectors, the inertia relief modes are computed, corresponding 
to the applied forces. The elastic properties are transformed to mode shape 
matrices by the interface program FEMES [38]. Then the symbolic-numeric 
equations of motion are generated with the formalism NEWEUL [16]. 
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Fig. 5. Transformation of forces and torques 
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eigenmodes and excitations 




Fig. 6. Frequency graphs of eigenmodes and excitations 



4.1 Speeds with Resonance Phenomena 

According to Fig. 2, polygonalizations of 3^^ and 4^^ order as well as the 
unbalances defined above may excite the system considerably. The specifica- 
tion of the speeds at which resonance phenomena occur is difScult because 
the eigenmodes of a rotating flexible body split into concurrent rotating and 
counterrotating eigenmodes. The frequency graph of an unbalance is similar 
to a polygonalization of order. However, unbalances are inner excita- 
tions, which excite mainly the concurrent rotating and not the counterrotat- 
ing eigenmodes. Outer excitations, like those due to polygonalization, affect 
both types of eigenmodes. 

Figure 6 illustrates the splitting of the eigenmodes over the speed range 
under consideration. Resonance phenomena can be expected in case of de- 
terministic excitations that are close to a system eigenfrequency. Since the 
excitation depends on the vehicle speed u, the frequency graphs intersect the 
eigenmode graphs at certain velocities. According to Fig. 6 the intersections 
of the graphs of the first eigenmode are at velocities of 156.7, 196.1, and 
261.3 km/h. The second eigenmode can be neglected since it is not excited 
here and since the inertia relief modes represent the static deformation suf- 
ficiently. The unbalance graph does not intersect the eigenmode graphs at 
velocities up to 300 km/h. Therefore, the unbalances seem to have only a 
small influence on the excitation of the wheelset. 

4.2 Dynamic Stresses of Wheelset 

The simulation program solves the equations of motion and produces trajec- 
tories of the generalized coordinates. The deformation of the flexible bodies 
or data for evaluation of dynamic stresses can be obtained by postprocessing 
(cf. Peic[31] and Ref. [8]). The applied problem-specific simulation program 
is based on the NEWSIM library [18] which contains precompiled problem- 
independent simulation routines. 
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Fig. 7. Stress distribution in wheelset 



The first simulation of the vertical model considers a perfectly balanced 
wheelset running at speed v — 261.3 km/h and excited by stochastic track 
irregularities described in Ref. [1]. The simulation yields maximum tensile 
stresses of about 65 N/mm^ that occur between the braking discs. The sim- 
ulation of the same wheelset, running at the same speed but additionally ex- 
cited by a polygonalization of 4^^ order, results in stress trajectories with ten- 
sile stress maxima of about 156N/mm^. Again, the maximum tensile stress 
(MX) and the maximum compressive stress (MN) occur between the inner 
braking discs, see Fig. 7. Further investigations at different speeds show that 
the highest stresses occur at 261.3 km/h. The simulation of the unbalanced 
wheelset confirms that the unbalances do not increase the maximum stresses 
considerably. 

For fatigue limit estimations, the material properties of the wheelset are 
important. The wheelset axle is made of steel. The relatively rough surface 
results in a permissible alternating bending stress of about 250 — 300 N /mm^ . 
The maximum stresses of this simple model, which characterize a worst case 
situation, are still below the fatigue limit and indicate an unlimited lifetime 
for such a wheelset. More details are found in Pederzolli [30] . An additional 
investigation is performed at the speed 250 km/h which is not critical but 
often used in simulations of the ICE train. The resulting dynamic behavior of 
a wheelset even with a 4^^ order polygonalization yields stresses comparable 
with those of the wheelset without polygonalization. The results demonstrate, 
however, that resonance phenomena of the flexible wheelset are very sensitive 
to changes of speed. 

5 Feasibility of Radial- and Lateralelastic Wheels 

The radial- and lateralelastic wheel consists of very stiff parts like the rim and 
the disc, and the relatively soft connection between both parts. Therefore, 
the wheel rims and wheel discs can be considered as rigid bodies. The flexible 
connection in between is represented by linear, massless springs and dampers, 
see Fig. 8, with the suspension coefficients CRE,y, c?RE,y in lateral direction and 
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cre,z 5 ^re,z in radial direction. Each wheel rim may undergo longitudinal, 
lateral, vertical, roll, and yaw motions (xre, Vre, ^re, cire, 7re) relative to 
the wheel disc. It is assumed here that there is no major torsional flexibility. 
The wheelset axle is modeled as rigid body. The radial- and lateralelastic 
wheelset is related to the conventional one so that their masses and inertias 

The stiffness and damping properties of 
the third suspension can be approximated by 
springs and dampers which are flxed at coor- 
dinate systems of the wheel rim and disc, see 
Fig. 9a. This approach realizes general damping 
of the rim motion (confer Ref. [5]). The equa- 
tions of motion can be linearized at the equilib- 
rium position and transformed into state space. 
Then, the corresponding system matrix A has 
constant coefficients wherefore the stability of 
the system is characterized by the eigenvalues 
of the system matrix. 

A more realistic damping model can be achieved with springs and dampers 
which are attached to material points, see Fig. 9b. This speciflc damping 
results in equations of motion with periodic coefficients depending on the 
period T of the wheel rotation. Linearization at the equilibrium position and 
transformation into state space yields a time dependent system matrix A 
with periodic coefficients. The application of Floquet’s theory can be used to 
get information about the stability of the system, see Section 2.3. 

The system topology and the system parameters determine the equilib- 
rium position. The example of a rotating wheel, with disc mass m and linear 
springs and dampers, illustrates the difference between general and speciflc 
damping, when exposed to the gravitational acceleration g. The only degrees 
of freedom are x and 2 ;. The equilibrium position of the model with springs 
and dampers attached to coordinate systems (Fig. 9a) depends on the stiff- 



correspond to each other. 






Fig. 9. Modeling of suspension and damping 
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ness c, the index g indicates general damping, 

x| = 0 and = mg ^ . (13) 

The model with springs and dampers attached to material points (Fig. 9b) 
possesses an equilibrium position depending not only on the stiffness c but 
also on the damping d and the angular velocity a;, 



The specific damping is denoted by the index s. Equilibrium positions and 
as well as and trend to zero for increased stiffness. The behavior of 
a rigid wheel is given for c ^ oo. Low damping or low velocity leads, for any 
stiffness coefficients, to similar equilibrium positions of both models. 

The derivation of analytic expressions for the equilibrium position of a 
radial- and lateralelastic wheel is much more difficult due to the dependency 
on system parameters and velocity. Alternatively, this position can be evalu- 
ated numerically. In this way the linearization of the nonlinear equations of 
motion would have to be performed for each set of parameters and each de- 
sired speed. Nevertheless, the integration of the equations of motion is found 
to be very efficient for stability tests if suitable initial conditions are used. 



5.1 Vertical Dynamics 

The model of Sec. 4 does not show the vertical vibrations resulting in droning 
noise; it must therefore be adjusted as described in Ref. [4]. The bogie frame 
is modeled as a flexible body to include all medium-frequency resonance 
phenomena. Here, the first three modes of the half bogie frame model as well 
as the eigendynamics of the secondary suspension are considered. The model 
comprises either rigid wheelsets or radialelastic wheels with general damping. 

The evaluation of the sound pressure level due to the carbody vibration 
would require an even more detailed model. Therefore, the spectral density ^ 
of the carbody acceleration z is used as an indication of the magnitude of the 
droning noise. The spectral density function, which depends on the vibration 
frequency /, is obtained from the correlation function i?^, 

<?(/) = - / . (15) 

^ Jo 

The simulation results are shown in Fig. 10. The model with rigid wheelsets 
leads to increased spectral densities mainly in the frequency range from 80 
to 100 Hz. These increased amplitudes indicate the carbody vibration which 
leads to droning noise. The results of the model with radialelastic wheels show 
that the acceleration of the carbody decreases considerably in the critical 
frequency range between 70 and 100 Hz, see Hirsch [14]. 
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Fig. 10. Spectral density of vertical acceleration 



The reduction of the droning noise requires a suitable choice of the suspen- 
sion coefficients while the wheel/rail forces should at least not be increased. 
Accordingly, the vector of design variables includes the coefficients of the ra- 
dial elasticity, the primary and the secondary suspension. The optimization 
goals have to be formulated as criteria. In this way, the mean square value 
of the carbody acceleration, restricted in the frequency range of interest, is 
chosen as a measure of the magnitude of the medium- frequency vibration. 




High dynamic forces between wheel and rail increase wear and may even 
result in derailment. Therefore, the mean square values of these forces are 
used as second optimization criterion. A decreasing stiffness of the radial 
elasticity will reduce the carbody accelerations, but it leads to an increasing 
static deflection of the wheel rim, too. The lower limit of the radial stiffness 
coefficient cre,z is set to 10^ N/m to restrict the static deflection to 5 mm at 
most. The initial design parameters are taken from the wheelset with a simple 
wheel rim. It is assumed that the parameters may vary between 0.1 and 10 of 
these initial values. For a more efficient simulation, the sophisticated model 
secondary suspension is no longer considered in the optimization. 

The parameter optimization is carried out by the program MCDM (Multi 
Criteria Decision Making [10]) which provides various optimization algo- 
rithms, multicriteria methods and routines for the evaluation of the crite- 
ria. The program interacts with the software package PVM (Parallel Virtual 
Machine [11]) which calls the criterion evaluation program on the available 
computers, transmits the design parameters and receives the criterion values. 
A detailed description of the implementation is given in Kubler[17]. 

Figure 11 shows that the optimized parameters reduce the spectral density 
of the carbody acceleration strongly in comparison to those of the initial 
design or of the model with rigid wheelset. In the frequency range between 
70 and 100 Hz the average of the carbody acceleration is reduced to only 
one percent of the original value. Moreover, the optimized parameters yield 
a very low force level on the wheel rim. More details can be found in Ref. [4]. 





Railcars with Radial- and Lateralelastic Wheels 



79 



carbody acceleration 




30 frequency ( Hz] 60 70 80 90 ItMj 

Fig. 11. Comparison of initial and improved design 



5.2 Stability of Motion 

The spatial model for the stability analysis, see Fig. 12, consists of a half 
carbody and a rigid bogie equipped either with two rigid or two lateral- and 
radialelastic wheelsets, respectively. The running wheelsets undergo lateral, 
vertical, yaw and roll motions. The rim of an elastic wheel has five degrees of 
freedom according to Fig. 8. The springs and dampers are attached either to 
coordinate systems or to material points, see Fig. 9. The lateral motion of the 
wheelsets affects the carbody motion only slightly. Hence, the carbody motion 
is constraint laterally. The straight track is fixed to the ground. The geometric 
profiles of the wheel rims are conic with the conicity Jo 0.35 rad, the cross 
section of the rail head is assumed to be rectangular. These assumptions 
reduce the contact zone of wheel and rail to a single point. The creepage is 
derived from the nonlinear kinematics and, thereafter, linearized with respect 
to the generalized coordinates. The creep forces are evaluated using Kalker’s 
linearized theory. The normal forces acting on the wheelset are represented 
by very stiff springs (confer Ref. [7]). 

Below the critical speed a conventional wheelset performs a damped hunt- 
ing motion. Thereby, the wheelset returns to its central position after lat- 
eral disturbance. At the critical vehicle speed the hunting motion becomes 
a steady-state oscillation. Consequently, the hunting motion gets unstable 
for speeds higher than the critical one. The analysis of the eigendynamics 
of the model with conventional wheelsets confirms that the critical eigen- 
value characterizes the hunting motion. An evaluation with the computer 
algebra program MATLAB [27] results in a linear critical vehicle speed of ap- 
proximately 360 km/h. Moreover, the root locus plots show that the hunting 
motion has the lowest frequency of all periodic eigenmotions of the system, 
see Oberle[28]. The model can be simplified by exclusion of the lateral and 
yaw motion of the bogie frame and, in this way, only one wheelset has to be 
considered. Accordingly, the longitudinal stiffness of the primary suspension 
is modified in order to achieve a critical speed of 360 km/h for the simplified 
model, too. The critical speed can be verified easily by simulation if the ini- 
tial conditions are close to the steady-state solution. In this case, the initial 
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Fig. 12. Spatial model of passenger coach 



conditions don’t excite motions with higher frequency than the hunting mo- 
tion. For speeds above the critical one the amplitudes of the hunting motion 
increase, indicating that the system has no stable equilibrium position any 
more. The lateral amplitudes of the wheelset relative to its central position 
decrease for speeds lower than the critical one and, therefore, the system 
is assumed to be stable. The evaluation of the critical speed for different 
values of design parameters is automated with the FORTRAN interface of 
NEWSIM [18]. 

The above described model with one wheelset is extended to lateral- and 
radial elastic wheels with general damping of the wheel rims. The parameters 
for the radial elasticity are set to cre,z = 1-0 * 10^ N/m and o?re,z = 5.0 * 
10^ Ns/m according to those of Sect. 5.1. Thus, the coefficients cre,y and 
dRE,y of the lateral wheel rim suspension are the only design parameters. A 
parameter study with respect to the critical speed and over a large range 
of stiffness and damping parameters is carried out. Figure 13 shows that 
the linear critical speed for high stiffness and damping values is close to the 
critical speed of 360 km/h of the conventional wheelset. The critical speed 
is increased at lower stiffness and intermediate damping coefficients. There, 
the increased steady-state inclination of the elastically suspended wheel rims 
reduce the effective conicity of the wheel profile and worsens the curving 
behavior of the wheelset. The destabilizing effect of the lateral motion of the 
wheel rims dominate at lower damping values and decrease the critical speed. 
Figure 14 shows the variation of the vertical stiffness and damping coefficients 
cre,z and <iRE,z- The lateral coefficients are set to cre,y = 1.0 * 10^ N/m and 
c?RE,y = 1.0 * 10^ Ns/m. The results illustrate that the optimal parameters 
for low droning noise are robust with respect to the stability behavior of 
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Fig. 13. Variation of lateral elasticity, general damping 



linear critical speed 




Fig. 14. Variation of vertical elasticity, general damping 



the running wheelsets. The critical speed is only slightly increased at lower 
stiffness and damping values. 

Now, the general damping of the lateral- and radialelastic wheelsets is 
replaced with the specihc damping where the springs and dampers are at- 
tached to material points. The results of variation of the lateral elasticity, see 
Fig. 15, are similar to those with general damping but the maximum of the 
critical speed is lower, and located at smaller damping values. The rotating 
dampers stabilize the wheel rim motion at these high speeds. Anyway, the 
curving behavior may be worsened at lower speeds in case of low lateral stiff- 
ness and damping values. The variation of the radial elasticity is carried out 
for CRE,y = 1.0*10^ N/m and c?RE,y = 1.0*10^ Ns/m. Figure 16 shows that no 
equilibrium position can be found at low stiffness and high damping values. 
In this range an overdamped motion of the wheel rim occurs and increases 
the eccentricity of the wheel rim relative to the wheel disc. 

The investigation of radial- and lateral wheels turns out that the stability 
behavior is very robust for lateral stiffness CRE,y > 5.0 *10^ N/m. Hence, 
the lateral stiffness has to be considerably higher than the radial stiffness 
cre,z to guarantee stability. The damping coefficient is an uncertain design 
parameter which varies in a relatively wide range because it is very sensitive 




82 



Hoiger Claus, Werner Schiehlen 



linear critical speed 




Fig. 15. Variation of lateral elasticity, specific damping 
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Fig. 16. Variation of vertical elasticity, specific damping 




to environmental conditions like the temperature. Nevertheless, low values 
should be chosen for the radial damping coefficients. The choice of lateral 
damping coefficients is less critical in case of relatively high lateral stiffness. 

6 Summary 

A multibody model of a passenger coach with conventional as well as with 
radial- and lateralelastic wheels is analyzed. Deterministic and stochastic 
excitations are applied to the wheelsets. The discussion of deterministic ex- 
citations turns out that only polygonalizations of order 3^^ and 4^^ are able 
to generate in the droning noise in ICE passenger coaches. The strength of a 
conventional but polygonalized wheelset is investigated where the wheelset is 
modeled as ffexible body. Vehicle speeds are detected where resonance phe- 
nomena occur. The evaluation of dynamic stresses at these speeds turns out 
that the strength of a conventional wheelset is satisfactory even in case of 
polygonalization. 

The rim and disc of radial- and lateralelastic wheels are modeled as rigid 
bodies, the elasticity of the so-called third suspension is represented by dis- 
crete springs and dampers. General and specific damping of the wheel rim 
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is investigated and discussed. An optimization of the vertical dynamics leads 
to reduced droning noise as well as lower force level between wheel and rail. 
The obtained parameters are applied for investigation of the stability of the 
wheelset motion. Stability tests, especially with respect to the so-called hunt- 
ing motion, are performed for various parameter sets. The results turn out 
that the lateral stiffness must be considerably higher than the radial one 
to guarantee the stability of the hunting motion. Furthermore, the general 
damping is a good approximation in case of high lateral stiffness and low 
radial damping, and may simplify stability analyses in this parameter range. 
Radial- and lateralelastic wheels with increased bending stiffness and im- 
proved parameters are feasible and the recommended parameters may be 
used for further developments. 
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Abstract. We study numerical aspects of wear problems in railway mechanics. 
A short overview of the needed components - a dynamical vehicle/track model, 
contact geometry and contact mechanics - is given to demonstrate the complexity 
of the problem. An algorithm for the integration of the domain evolution equation 
describing wear in the long time scale is presented and discussed. Solutions for 
simple choices of the model components are studied. Finally, ways to couple the 
most advanced available models via internet programming are demonstrated on the 
basis of a vehicle model due to Meinke in a co-simulation with our own geometry 
program. 



1 Introduction 

We describe wear in the framework of domain evolution problems (cf Sethian, 
[20], and Fig. 1). Related problems are e.g. curvature driven flows, Stefan 




Fig. 1. Example of a domain (used as an extreme test 
case for cissessing integration methods). Under curva- 
ture driven motion, ^ — k, where k denotes the cur- 

vature of the boundary, the domain should become con- 
vex and vanish to a point. Poor numerical methods, 
however, lead to artificial oscillations of the boundary 
which in the case of railway mechanics may look like 
corrugations 



problem or the osmotic cell problem. In our case, the speed of the boundary 
(contact surface) is determined by a wear law^ the latter using data from a 
dynamical model as input. 

For this paper, the wear process is understood as a pure geometrical change 
of the body under consideration, i.e. as a shift of the boundary in direction of 
the inner normal. For now, we do not allow for changes inside the material. 
Our assumptions lead to the formulation 



x{r,t) — T{x{',t),t)n . 



( 1 ) 
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Here x is a point on the actual position of the body’s surface at time t. The 
variable r is used to parameterize the surface. 

The speed !F at which the wear surface retreats is determined by a so-called 
speed law. In general, it is not defined by a formula - as it is in the case of 
curvature driven fiows, which we use frequently for testing numerical proce- 
dures. 

In railway mechanics, to obtain the speed .7^ at a given position on the actual 
wear surface, we need to perform a simulation of the motion of the vehicle. 
During this simulation, given the present surface geometry, the intensity of 
power dissipation, and hence the wear intensity are determined. Obviously, 
this is a numerically very expensive procedure, and the result depends on the 
driving conditions of the simulated vehicle. 

The time integration of (1) can be described by the following feedback loop, 
cf. Fig. 2, in which dynamics, geometry and contact mechanics are coupled 
together. The numerical solution of a wear problem requires hence two inte- 



dynamics 

fast time-scale 


wear 


geometry 

slow time-scale 




geometrical constraints 





Fig. 2. Knothe’s feedbackloop (simplified for autonomous problem) 



gration procedures. In an outer loop, solving integration of (1) with respect to 
the so-called long time scale (or slow time scale), the surface is updated. In an 
inner loop, simulation with respect to the fast time scale has to be performed. 
This procedure is - from the point of view of the outer loop - an auxiliary 
problem, from which we obtain the wear intensity which has the character 
of a probabilistic density. Here qualitative aspects of the vehicle model, like 
periodicity, quasi-periodicity or ergodicity, play an important role, [18]. 



To illustrate the time scales, consider a wheelset rolling at 200 km/h. 
Under normal conditions, 50 million rotations remove a layer of about 
100 qm ... 1 mm. Hence a single- atomic layer of material is abrased in 
one second, in the same time we observe several recurrences of the lateral 
motion, 16 revolutions and about 100 oscillations of the normal contact. 
A reasonable step for the outer time integration would be the order of 
hours - which would still require about 1000 (quite expensive) steps. For 
the inner integration, a time step around a millisecond is required to 
obtain a reasonable accuracy. The ratio is hence of the order of 10^. 
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2 Components 

In this section we collect some of the ingredients needed to build models 
capable of describing wear distributed over the circumference of a railway 
wheel. These components may be combined in different ways to create models 
for simulations. Our minimal collection may be extended by supplements from 
other groups. 

2.1 Nonlinear Dynamics 

We assume that the driving motion is governed by a system of nonlinear 
equations of motion of the general form 

m{q{t))q{t) = f{t,q{t),q{t),r{t)) . (2) 

Here we denote by q E generalized coordinates, t time, * time derivative, 
m the mass matrix and and / generalized forces. External control is expressed 




Fig. 3. Wheelset on rails. The evolving sur- 
faces result in complicated relations between 
lateral shift, elevation and contact point posi- 
tion. For an elastic axle, such relations (depen- 
dent on yaw and, in general, also on revolution 
angle) hold for each of the wheels. For a rigid 
wheelset, also the rolling angle is determined 
by a holomorphic constraint 



by r(^), which may be a force or a prescribed travelling speed. 

The dynamical behavior of a single wheelset, cf. Fig. 3, is already very com- 
plex. For low speed, we have a stable trivial solution. Above a critical speed, 
there is a stable limit cycle. For further increasing speed, there is phase dou- 
bling and transition to chaos, cf. for instance [11] and [22]. 

For the purpose of wear calculation, the dynamical model has to be adapted 
to the changing geometry in the contact region. This will be discussed in the 
next two subsections. 



2.2 Rolling Contact and Dry Friction 

A major component of the dynamical system introduced in the previous sub- 
section is the force vector / on the right-hand side of the equations of motion 
(2), in particular, the contact forces are difficult to model. For the calcula- 
tion of friction forces, we have the standard options of the Vermeulen- Johnson 
law [8], or the Fastsim [3,21] and Contact [9] algorithms. For the long time 




88 



Kurt Prischmuth and Dirk Langemann 




Fig. 4. Disk wheel rolling, acceler- 
ating moment and counteracting 
force Fc. Sparsely discretized 2D- 
model of a tyre 



simulations we need to perform in order to obtain accurate wear speeds, we 
prefer simpler friction laws in form of algebraic expressions, cf. also [2]. Even 
a rough approximate solution, cf. Fig. 4, of the underlying Signorini prob- 
lem, basing on influence functions obtained within the Zastrau/Nackenhorst 
project, leads to excessive computation times, and is at this moment not 
possible to carry out for our purposes. In Fig. 5 we present results for the 



XiO® K10^ 




Fig. 5. Contact forces, (a) normal pressure, (b) tangential forces 



tractions in the contact zone between wheel and rail for a large normal force. 
This local distribution of the friction force over the contact patch determines 
how the dissipated power has to be mapped to the wear surfaces. In the next 
subsection, we discuss how to And the location of the contact point around 
which said contact patch is located. 



2.3 Geometry 

A very sensitive aspect of modeling rolling of realistic wheels on rails is the 
geometry of the contact, in particular the effective calculation of the geomet- 
rical points of contact. Those points are needed for the dynamical model - 
the calculation of friction forces - and also for the wear model - for assigning 
the frictional power at a given instant to a place on the contact evolving 
surface. 

For given mbs-coordinates of the bodies, let be the ith surface coordi- 
nate of the 6th body, 6 == 1, 2, accordingly the (unique) outer 
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normal unit vectors to those surfaces x‘^. Then necessary conditions for 
contact may by formulated as 

x\r^) + X^n\r^) = x\r^) , ( 3 ) 

x2(r2)-fAV(r2) = xHr^). (4) 

This system implies that the normal directions coincide, and that shifting 
the bodies rigidly in that common normal direction, brings the points x^{r^) 
and to the same spot. This system a is 6 x 6 nonlinear problem, and 

for general non-convex bodies hard to solve. 

For perfect wheels (axial-symmetric) and rails (prismatic), the system can 
be simplified considerably, cf. [1]. The solution can be determined from a 
scalar minimization problem, cf. Fig. 6. Even so, due to the non- convexity, a 




Fig. 6. Cut through the distance function. The min- 
imization of the distance function between wheel 
and rail surfaces is a non-convex problem, diffi- 
cult for the existence of more than one local mini- 
mum. The distance function depends continuously 
on the mbs-coordinate q, the minimizer, however, 
may jump 



very accurate starting value for the minimizer has to be found before a fast 
iterative method (Newton-type) can be successfully applied. 

For worn surfaces, reduction to a scalar problem is in general not possible. 
An implementation of a reasonably quick solver for (3)- (4) is due to Hauler, 
[9], 

For a prismatic rail, however, the simplification still works. Considerable re- 
duction of numerical effort comes from the fact that the first component of 
the rail’s normal vanishes everywhere. 

Let us label the wheel by superscript 1, rail by 2, axial coordinate on the 
wheel by , angular by rj, and define a function = (^i ,^2(^1)) ^>y 

the condition 

x{n^{rl,Tl{Tl)),q)ei = 0 . (5) 

Here e\ points in the direction along the rail, 63 is vertical, and x{^^q) is 
the actual position of wheel particle x under mbs-coordinates q. Then the 
parameter of the contact point on the wheel surface is defined via 

TiM) = argmin(x(*^(r^(ri^)),9) - , q )))) €3 . (6) 

The contact point is hence x^{t^{tI^)). Here we assumed that for the rail 
surface, we have a parametrization of the form = x‘^{xl), i.e. rf is along 
the rail and does not enter the equation, r| = X 2 . 
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It is obvious that a fast evaluation of the above contact conditions is essential. 
However, there is no point in tuning procedures for the original profiles, e.g. 
S1002/UIC 60, since the profiles change essentially during wear simulation. 
To make this clear, compare the location of the contact point in dependence 
on lateral shift, once calculated for virgin profiles, once for slightly worn ones. 
Fig. 7. Note that the contact geometry is the main interface point where the 




Fig. 7. The axial position of the point of geometri- 
cal contact on the wheel surface, for vanishing yaw 
and roll angles. The continuous line is for the vir- 
gin profile pair S1002/UIC60. The dashed line cor- 
responds to slightly worn wheel profile, rail profile 
still unchanged 



feedback loop closes. Fig. 2. Dynamical models which use force models basing 
on frozen profiles can’t work beyond the mere onset of wear. 



2.4 Wear Laws 

Due to a simple assumption, frequently quoted as Archard’s law, cf. [5], for 
abrasive wear T depends on the frictional power density dissipated at x(r, t). 
Hence the term T in (1) is obtained by running the dynamical model (2), 
and averaging a function of the dissipated power, which is then mapped to 
the surface of the body in order to obtain a wear distribution. 

For example, [19] uses a piecewise constant function for mild and strong abra- 
sion, respectively. 

For a comprehensive discussion of factors contributing to wear, we refer to 
[16]. 

Observations that reshaped rails wear faster than new ones motivated as- 
sumptions about state variables assigned to the surface [6]. 

For this paper, we want to focus on numerical aspects of wear simulation, 
rather than on sophistication of the wear model. Thus we assume propor- 
tionality between worn mass and dissipated energy, which results finally in 
an equation of the form 

^ = -Psat (7) 

where s is the local creepage, at tangential stress, and P a positive constant. 
For calculations on the long time scale, on the right-hand side the mean value 
over a sufficiently long interval of the fast time scale has to be taken. 

In terms of Meinder’s model, our assumption means that during the exploita- 
tion of a given vehicle, we do not change regimes between mild and strong 
abrasion. 
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Given this assumption, by matching data on wear of ICE-wheels, the value of 
the single wear constant P can be found to be of the order 10“^^ if standard 
units are used. We prefer, however, to scale the long time scale to 1, and 
hence we may assume /3 = 5 - 10“^. 



3 Models 

It was Brommundt’s original idea, cf. [5] to study evolution of wear in the 
long time scale on the basis of extremely simple dynamical models in the 
short time scale. This allowed the application of asymptotic expansions and 
gave first results very quickly. Despite the fact that we have at our disposal 
a palette of much more advanced vehicle models, we chose for this paper to 
follow this approach. It allows us to compare the effects of different analytical 
and numerical methods on one and the same model. We will see that poor 
approximations may contribute more to the output than the model itself. 

As a benchmark model, we propose a rolling disk, driven by a constant 
moment against a quadratic drag force. The equations of motion for the 
three degrees of freedom (longitudinal and vertical displacement, angle of 
rotation) are given by 



mqi = Fr- c\qi\qi , 


(8) 


mq 2 = Fa + mg + Fn , 


(9) 


Jq's = M + r{T)FR 


(10) 


with 


T = -qs, 


(11) 


s = qi+ qzr{T ) , 


(12) 


Fn = fc(r(r) - - dq 2 , 


(13) 


Fr = —\iFns . 


(14) 


Equation (11) plays the role of a 


contact geometry module^ (12-14) substitute 
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a contact force modef the term containing the constant c in (8) simulates the 
control motion. The constants given in Fig. 8 lead to a steady state with 
longitudinal speed of around 30 m/s, and a frictional power around 19 W. 
For given radius function r(-), the mean value of frictional power tends to 
a limit, multiplication with the wear constant /? gives finally the evolution 
speed !F: 

rt{T,t) = ~I3sFr (15) 

P = 5- 10“® (16) 

where overline stands for taking the temporal mean value, and time is mea- 
sured in a characteristic time for the life cycle of a wheel. For this case, the 
approximation of the outer normal by the position vector in (15) is obviously 
acceptable. 

The initial geometry imperfection - a single trough - is defined by B-splines, 
the data can be downloaded from our website.^ 

In Brommundt’s original paper, the dynamical model was completely linear, 
and the normal force was assumed to be constant. The only nonlinear relation 
was (5.1). The out-of-roundness is modeled by a sequence of Fourier coeffi- 
cients. Under these assumptions, every harmonic excites an oscillation of slip 
and friction force with the same frequency, higher harmonics are caused by 
the non-linear abrasion hypothesis. 

Similar results were obtained by use of approximations to T in terms of 
Taylor coefficients of the actual wear surface, [6]. Those lead to evolution 
equations of the general form 

rt - F(u, Vr, V^r, ...) (17) 

which for suitable functions F yield speed dependent growth or decay of 
wavy ness of the surface. 

4 Numerics 

For more realistic models of wear in railway mechanics, we have typically 
two layers of numerical calculations. In an inner loop, the equations of mo- 
tion of the dynamical model (vehicle, track) have to be solved. Along with 
the solution, data essential for wear have to be collected and processed. We 
call this most essential ingredient of a coupled wear model the wear collect- 
ing algorithm. From this inner procedure we obtain the speed function T in 
dependence on the momentary geometry (together with the control motion) . 
Now, the speed function is passed to the outer time-integration loop in which 
the wear patterns finally evolve. 



^ r — 0.5 m everywhere except on an arch of length 0.2 m where it is reduced by 
75 |xm. Details on http ://alf. math. uni-rost ock.de /^kurt/DFG/benchmark/ 
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A central problem here is accuracy. It turns out, that already for very simple 
models, it is hard to obtain an accurate speed function. One limiting factor 
is computation time, because we need trajectories of the dynamical system 
with rather high precision, but also for a reasonably long time span. 

Once the problem of obtaining a good approximation for T ^ the outer inte- 
gration loop is straightforward. Since evaluations of T are extremely costly, 
we do not recommend too much sophistication. However, as examples show, 
the common practice of simply applying Euler’s explicit method is not the 
best choice. 

Here we need some denotations which we introduce below. 

4.1 Discretization 

Discretization of the functional variable x and separation leads to an ODE 
problem of the form 

y = g{t,y,u), (18) 

u = h{t,y,u). (19) 

Here we denote hy y E the pair of vectors {q, q) describing the dynamical 
state of the driving model, while u G is the vector of nodal values of a 
suitable presentation of the change in surface positions on a given grid. 

The functions g and h on the right-hand sides are derived from the forces / 
and the speed function cf. (2) and (5.1), respectively. 

Now, instead of solving the system (18)-(19) in a straightforward way on a 
given time interval [0,T] with huge T (not desirable), or solving a modified 
system with h replaced by a/i, a - big, on [0, T/a] instead (common, but dan- 
gerous, cf. [17]), we apply the algorithm from [7] for integrating the coupled 
system. 

step 1: On the time interval -[- Ati] (which is very long in terms of 

the ^-variables but very short in terms of the u-variables) we integrate the 
^-equations with frozen u 

t 

y(t)=y{ti) + J g(t,y{t),u{ti))dt. (20) 

ti 

Thus, this low-dimensional part of the system is uncoupled and can be inte- 
grated by any suitable method. 

step 2: An approximation for u(^i+i), ti-^i = ti Ati, is calculated by 

u{U+i) = u{ti) + j h{t,y{t),u{ti))dt (21) 

ti 

where we use y instead of the exact solution. 
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For the efficiency and accuracy of this algorithm, it is crucial how we approx- 
imate the integral on the right-hand side. Using the property that 

ti /\ti 

At~^ j h{t,y{t),u{ti))dt (22) 

ti 

approaches a limit very quickly, we may substitute the integral over the in- 
terval [ti,ti -h Ati] by 



At f 

- T -— / h{t,y{t),u{ti))dt, (23) 

^^sim J 

ti 

where Atgim is a reasonable time span for simulation of the ^/-system. The 
latter is chosen by monitoring the limit of the integral mean value, terminat- 
ing when changes become negligible. 

In the sequel, given the interpretation of (18) and (19), we will refer to step 
1 of the algorithm as wear collection^ and to step 2 as geometry updating. 



4.2 Distributed Calculations 

The algorithm described in the previous subsection is not well suited for paral- 
lel computations^ it is essentially sequential. Nonetheless, for several practical 
reasons, it is sensitive to perform some routines on different computers. In 
fact, often more advanced models are not easy to port from their original 
environment, hence it is far easier to couple them while leaving them where 
they were developed. (Usually, they are still being developed.) 

Thus we agreed with other groups of the DFG Priority Programme 1015 
(Meinke/Meinders, Stuttgart, [19] and Popp/Kaiser, Hannover, [12]) on cou- 
pling our models by the most simple possible interface - which is on the other 
hand the safest to work with. Anticipating that all partial models have a con- 
siderable cost in terms of CPU-time, it is clear that time for the exchange 
of data is not the limiting factor. All results from one model are written 
on ASCII text files and then transported by FTP to the remote machine. 
Timing is done by waiting for needed input files. For all tests, losses due to 
communication time were minimal. 

We implemented distributed calculations with Meinke/Meinders the follow- 
ing way. A (simple) vehicle model used as driving component is integrated on 
one CPU (in Stuttgart). Along the trajectories dissipated power is calculated 
and projected onto the surface grid by a method using geometrical data on 
the contact geometry. The resulting wear intensity is sent to our server, where 
the surface is updated, new contact geometry data are calculated and sent 
to (the meantime idle) machine in Stuttgart. 

To make this loop really closed, the dynamical model has to depend on the 
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contact geometry. In our case, this is the case due to dependencies of forces 
and moments on the position of the contact point and the curvatures of the 
profiles there. Further, the wear collection is very sensitive to the contact 
point position, cf. Fig. 7. 

It has to be mentioned that for the simulation of realistic wear processes the 
number of outer loop time steps is not excessive, it rarely exceeds 100. 

Total time needed for the file transfer is measured in seconds, while the over- 
all computation time is - even for simple components - the order of hours. 
Consequently, we have practically no loss of efficiency if compared with run- 
ning the simulation on one computer. What we gain is that we save the effort 
to get always the actual version of the software developed in the other group 
(or groups), together with all the formal problems that arise from that (e.g. 
obtaining licences). 



4.3 Testing the Speed Function 

Before approaching the very time consuming integration of the shape evolu- 
tion equation (outer loop), it is sensitive to evaluate and discuss the speed 
function i.e. to test step 1 of the algorithm, wear collection, without ge- 
ometry update. We perform all tests on the initial radius described in Sec. 3. 
There are several sources of errors (from our own experience), which we want 
to point out. All have catastrophal impact on the results. 

The typical errors come from (i) too small accuracy of the time integration 
of (18), (ii) bad discretization of the manifold x and (hi) too small Atsim in 
the algorithm. 

For (i) we remark that matlab’s built-in solvers, with standard accuracy 
options, perform poorly on the benchmark problem. In order to get a feel- 
ing for the model, it is helpful to monitor the vertical motion, presented by 
Fig. 9. The trajectory converges to the presented cycle, the ’shortcut’ caused 




Fig. 9. Integrating the benchmark model. Vertical 
phase as signature of the dynamical model 



by the initial imperfection is taken once in eight rounds. As illustration for 
(ii), we compare the correct result, confirmed by several methods, with er- 
roneous wear speeds. Fig. 10. The source of the error here is a typical effect 
for trigonometric polynomials - on localized defects, like a trough, they tend 
to oscillations and miss the extrema. From (c) we infer that even the best 
approximation by a trigonometric polynomial is not suited for reliable wear 




96 



Kurt Prischmuth and Dirk Langemann 



-16 
-18 
-20 
-22 

0 71 2 tc 0 71 27C 0 K 2 k 

Fig. 10. (a) wear intensity for benchmark model, (b) same with Fourier approxi- 
mated radius, (c) Fourier approximation of (b) 






simulations. A comparison with models without dynamical response in ver- 



■18 


J\ 


(a) 


-18 


_A 


(b) 


-18 


(C) 


■20 




-20 




-20 





0 K 2k 0 Ti: 2 tc 0 k 2k 

Fig. 11. (a) wear intensity in model with frozen normal force, (b) same with 
Fourier approximated radius, (c) Fourier approximation of (b) 



tical direction - i.e. with normal frozen force, equal to gravity plus external 
load, shows large differences. In Figs 10 and 11, we used the same order of 
trigonometric polynomials A' = 10 as in [5], i.e. 21 coefficients. Our results 
show the importance of the vertical components of the dynamical model, and 
discourage the use of trigonometric polynomials. 

Let us visualize the third source of errors in a modified version of the bench- 
mark model - we superimpose a lateral motion according to a linear model 

mq 4 = —k^q^ with k 4 = 4147 N/m (24) 

A typical run of the algorithm collecting data on the wear distribution yields 
the following sequence of figures. Fig. 12 It is obvious from Fig. 12 that too 
quick termination of the wear collection may lead to possibly most spectac- 
ular, but very wrong results. Note that for Fig. 12 (a) a different scale had 
to be used. 

5 Results 

In this section we present several results obtained for the integration of the 
surface evolution equation (1) with the speed function T calculated by the 
algorithm from Sec. 4. As a rule, dynamical simulations (inner loop) were 
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Fig. 12. Stages of the wear collection, (a) early, (b) medium, (c) final 



performed on a SUN workstation with 1.2 GHz processor, geometry and 
graphics on a PC with and AMD Athlon processor at 1.6 GHz, data files 
were exchanged by was done by FTP. 

The examples relate to the questions in how far wear patterns are determined 
by initial imperfections, and whether they stay in place or travel. 

For the benchmark model from Sec. 3, a time interval of length 4.0 (corre- 
sponds to ca. 1000 h) gives reasonable wear patterns. The results are pretty 
robust with respect to parameters of the numerical method, e.g. the time 
step of the outer loop or the use of predictor /corrector steps. 

We obtain always a pattern with 8 maxima and minima, as indicated by 
Fig. 10 (a). With the evolution, the wear speed tends almost to a sinusoidal 
distribution. 

For higher speed, the number of minima decreases. However, the variation of 
the radius may grow considerably faster, so that we get lift off very quickly, 
[3]. This violates the model assumptions, hence we stop simulations at the 
first occurrence of zero normal force. For a three times higher speed, we ob- 
tain 3 humps, but life time (time to first bumping of the wheel) decreases 
8 times, cf. Fig. 13. We observe further that the frictional power is phase- 




Fig. 13. Change of radius 
(in mm) vs angle and time 
(in 10® s), for a moment 
M = —2000 Nm. For 
the original benchmark, 
we observe a pattern of 
order 8. The higher mo- 
ment results in a speed of 
ca. 320 km/h and only 3 
humps 



shifted with respect to the radius, hence the wear pattern is not fixed but 
moves around against rolling direction. 

This effect may not be observed for cases where the variation growth too fast. 
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Than lift off takes place before the shift of the pattern becomes significant. 
Further, a preexisting imperfection, like a fiat spot, ’pins’ the pattern to the 
surface until it is levelled out. 

We have to point out that for this presentation, we chose a driving wheel. The 
mentioned effects occur likewise for a wheel coupled elastically to a perfect 
partner wheel on a wheelset, cf. [5]. 

In conclude this section by some remarks on randomizing some of the model 
parameters. 

5.1 Randomized Control 

Following a hint from a referees, we have performed calculations with ran- 
domized data. Among others, we have run a vehicle over randomized ground. 

For a random geometric error imposed on the vertical position of the rail 
head, we obtain - in accordance with a lemma from [17] - that the results 
coincide with those for a slightly changed wear law. For a given out-of-the- 




0 2tc 



Fig. 14. ID wear simulation, disk wheel 
model on wavy ground. The solid line 
shows the power dissipation (W) for 
an ideal track, the dotted lines indicate 
mean values over increasing rolling times 
(1,10,100 (s)) on randomized track 



round wheel, on perfect ground, we would obtain the creepage distribution 
indicated in Fig. 14, solid line. 

On wavy ground, we obtain a position (= time) dependent creepage. How- 
ever, the mean value curves converge (with running time going to infinity) to 
the output of the undisturbed ground case (dotted curves). In this case, we 
have an averaging effect as should be expected on the basis of [17]. 
Analogously, we introduced a random lateral force acting on a damped 
variant of the lateral dynamic (24) 

mq 4 = —k 4 ,q 4 — ^ 4^4 -h /^{t) with = 514 Ns/m. (25) 

The parameters of the the random force distribution determine the shape 
of the final geometry. Fig. 15. Note that the damping has considerable influ- 
ence on the distribution along the wheel axis. 

6 Conclusions 

It is as desirable as unrealistic to have the most advanced models of all 
sub-systems involved in the feedback-loop of system dynamics and long-term 
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Fig. 15. 2D extension of benchmark 
problem. The force f 4 {t) is a time 
series of random impulses with zero 
mean and a deviation of 3000 N 



behavior, and run them in one single program or package. Instead, we use 
simplifications where possible, and couple components of other groups via 
internet programming. It was shown in Sec. 3 that for studying polygonalisa- 
tion, it is essential to include vertical dynamics in a sensible way. That way 
results depend reasonably on data like initial surface deviations and speed of 
control motion, and allow a consistent interpretation. 

From the point of view of long-term changes, models of vehicles, track and 
subgrade are components that determine the right-hand side of an evolution 
problem for the domain occupied by the wearing parts. Proper methods of 
integration for domain evolution problems are as important as fast methods 
for solving the equations of motion of the dynamical systems. Benchmark 
problems designed for testing the long-term integration have been formu- 
lated. For closing the feedback loop, the dynamical system has to respond to 
changes of geometry. 

In this project, we have mainly studied wear patterns on wheels; patterns on 
rails have been omitted to keep this paper within the given limits. For the 
same reason, temperature effects on friction and wear laws have not been dis- 
cussed, [15]. In the future, roughness, the real contact areas and local forces, 
and in turn the changes of surface texture, should be modeled and included 
into the feedback loop. 
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Modeling and Simulation of the 
Mid-Frequency Behaviour of an Elastic Bogie 
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Abstract. Some effects occurring at modern high speed railway vehicles like grum- 
bling noise and polygonalization of the wheels are located in the mid-frequency 
range between 50 Hz and 500 Hz. Since multi-body systems consisting of rigid bod- 
ies are not sufficient for this frequency range, a description of the rotating elastic 
wheelsets is developed in this paper. This description results in linear differential 
equations with constant coefficients and provides a very simple investigation of the 
vehicle and an easy integration into a complete vehicle-track model. 

Furthermore, the behaviour of the complete system consisting of the vehicle with 
elastic wheelsets, the wheel-rail contact, and an elastic track, is simulated. The 
influence of the wheelset elasticity is investigated for the cases of transient motion 
and limit cycle behaviour. Moreover, the influence of the car body is investigated. 
As the polygonalization is an important phenomenon, the vibrations excited by an 
unround wheel are calculated. 



1 Introduction 

Modern high-speed railway vehicles show some phenomena, which are not 
fully understood. The probably best known phenomenon is the grumbling 
noise, located in the range around 100 Hz. Furthermore, at vehicles, which 
show this grumbling noise, the effect of wheel polygonalization occurs, i.e. 
non-uniform wear over the circumference of the wheels, resulting in unround 
wheels. Not only the vehicles, but also the track suflFers from damage, for ex- 
ample pulverization of the ballast. More informations concerning these phe- 
nomena can be obtained from [1] and [2]. 

These effects are located in the mid-frequency range, i.e. between 50 Hz 
and 500 Hz. To describe these phenomena, a ’’conventional” modeling of 
the vehicle as a multi-body system (MBS) consisting of rigid bodies is not 
sufficient. Because the mentioned effects, especially the polygonalization, are 
mainly caused by the wheel-rail contact, the elasticity of the wheelsets shall be 
taken into account, because they are the nearest components to the contact. 
Concerning the wheelset elasticity, the following questions are tried to be 
answered: 

1. Which description provides an efficient modeling of the elastic wheelsets? 

2. Which influence does the wheelset elasticity have? 

3. What is the influence of the components next to the wheelsets on the 
dynamic behaviour? 
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2 Modeling 

The complete vehicle-track system can be split up into three subsystems: the 
vehicle, the wheel-rail contact, and the track. This is shown in Fig.l. 




Fig. 1. Subsystems of the vehicle-track system 



In view of the vehicle and the track, the forces generated by the wheel-rail 
contact are regarded as external forces. The excitation of the vehicle and 
the track leads to motions. The corresponing kinematic quantities are fed 
back to the wheel-rail contact. The interchange of the kinematics and the 
forces between the wheel-rail contact and the vehicle respectively the track 
is performed at nodes, where the subsystems are coupled. 



2.1 Modeling of the Vehicle 

The vehicle consists of one car body and two bogies, cp. Fig. 2. Each bogie 
consists of the bogie frame, the bolster, and two wheelsets. The bolsters are 
connected to the car body by a pivot, their only degree of freedom is the yaw 
motion xjj. For all other bodies, all six degrees of freedom are permissible. All 
bodies are connected by linear springs and dampers, only the yaw damping 
between the bolsters and the car body uses dry friction. 

As said before, the elasticity of the wheelsets is to be taken into account, 
so the vehicle is modeled as an Elastic Multi-Body System (EMBS). The 
motions resulting from the deformation are superposed to the motions of the 
undeformed body, which are called ’’rigid body motions” in the following. 
The consideration of the deformation is performed by modal synthesis. The 
modes used for the modal synthesis are calculated using a model for the 
structural dynamics like a finite element model. Usually in modal synthesis 
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Fig. 2. Components of the vehicle 



the question arises, how many modes are necessary to perform a sufficient 
description of the behaviour. This will be discussed later. 

The model for the vehicle should fulfill the following requirements: 

1. The model should have a simple mathematical structure. 

2. The large rotation of the wheelset should be taken into account. 

3. The formulation of the EMBS should be suitable for arbitrary modeling 
of the structural dynamics of the wheelset. 

Usually, the modes for the description of the deformations are given in a body- 
fixed coordinate system. However, the problem is, that the wheelsets perform 
large rotations related to the inertial system, which cannot be linearized. This 
large rotations lead to nonlinear equations or linear equations with periodic 
coefficients, if the modal synthesis is performed in the coordinate system fixed 
to the wheelsets. 

This problem can be solved by using a special sequence of the rotations, 
which transform the inertial system X into the body-fixed coordinate system 
B via an intermediate system A. The rotation around the large angle has to 
be the last in the sequence, which yields the following rotational matrices 

ZA^AB 

co^'il^ws — cos (pws simpws sin(/?vv5 sin^v^S’ 
sini/^vv^ cos (fws cos ijjws — cos ipw s '4^w s 

0 sin (fws cos ^pws 

COSXVV5 0sinxvv5 
0 10 

- sin XVV5 0 cos _ 





( 1 ) 
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Here, the angle of the rolling motion Xws is large, while the angles 'ipws of 
the yaw motion and (pws of the roll motion are small. This sequence provides, 
that the large rotation is performed around the axis of rotational symmetry 
of the wheelset. A new coordinate system A is defined, which performs all 
motions of the undeformed wheelset except the large rotation. 

Because of the rotational symmetry of the wheelset, the modal synthesis 
is performed in the system A. Due to the rotational symmetry, cylindrical 
coordinates r, 9 and y are used. This yields the following vector describing 
the position of one point of the wheelset: 





rsin9 


+ '^^i{r,0,y)qi{t) , ^i{r,d,y) = 


■ Ui{r,d,y) ' 
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r cos 9 


i 
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Here, ^^(r, 6, y) and qi{t) are the modal functions and the modal coordinates, 
which describe the deformations. 

The coordinate 0 is not a material coordinate, but a local one. The relation 
between the local coordinate 9 and the material coordinate 0 is given by: 

e = <j) - flot + '^Gk{r,y)sk (t) . ( 3 ) 

k 



Here, i?o denotes the reference angular velocity of the wheelset. Deviations 
from the reference motions are superposed. &k{r^y) are the modal functions 
for the torsional motions. This special consideration of the torsion is neces- 
sary, because torsional deformations do not change the shape of the wheelset. 
This yields the following expression for the velocity of the considered point: 
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(4) 



It can clearly be seen, that a large angular speed i?o appears, but no large 
angle. The rotational displacements between the coordinate system A, where 
the modal synthesis is performed, and the inertial system X and the system 
T fixed to the bogie frame are small, so that a linearization is possible. The 
advantages of this description are: 



1. The coupling between the elastic wheelsets and the bogie frame is de- 
scribed by linear equations with constant coefficients. 

2. The wheel-rail contacts do not move around the wheels. 
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The equations of motion for the vehicle have the following structure: 

My{t) + (D + /?oG) y{t) (K + n^Z) y{t) = h{t) . (5) 

The vector y{t) contains the generalized coordinates. The matrix M is the 
mass matrix, the matrix D is the damping matrix resulting from the viscous 
coupling elements between the wheelset, the bogie frame, and the car body, 
and the matrix K is the stiffness matrix resulting from the elastic coupling 
elements and the modal stiffnesses of the wheelsets. The matrices i?oG and 
describe gyroscopic and centrifugal forces, respectively. The vector h(^) 
represents generalized external forces, resulting from the wheel-rail contact, 
from the gravitation, and from the nonlinear yaw damping. Because of the 
symmetric structure of the vehicle, the equations of motion can be split up 
into two separate systems for symmetric and antimetric motions. 

The very simple mathematical structure of the equations of motion for the 
vehicle provides a very easy integration into complete vehicle-track models, 
not only in the time domain, but also in the frequency domain: This vehicle 
model was integrated into the program system TTI by Kruse, which works 
in the frequency domain, see [3]. Furthermore, a fast analytical solution 
of the equations for the vehicle can be performed. This can be used for a 
convergence check or for parameter studies, which will be shown later. 



2.2 Finite Element Model of the Wheelset 

As said before, modal functions are needed for the modal synthesis. Here, 
the eigenfunctions of the free wheelset are used as modal functions. They 
are calculated using a finite element model of the wheelset. Because of the 
fact, that no point of the wheelset is fixed at all times, there are no geomet- 
rical boundary conditions for the wheelset, so the eigenfunctions of the free 
wheelset have to be taken. The finite element model used is shown in Fig. 3. 
Here, one can take advantage from the symmetry properties of the wheelset. 
Because of the symmetry to the middle plane, the modeling of only one half 
of the wheelset is sufficient. The brake discs and the wheelset bearings are 
considered as rigid bodies. The axle of the wheelset is considered as a one- 
dimensional continuum, having the properties of a bar, a torsional rod, and a 
Rayleigh beam. The logitudinal and torsional deformations are described by 
linear shape functions; for the bending, cubic shape functions are used. The 
wheel is considered as a two-dimensional continuum, having the properties 
of a disc and a Kirchhoff plate. In circumferential direction, trigonometric 
functions are used, taking advantage from the rotational symmetry of the 
wheelset. In radial direction, linear and cubic shape functions are used for 
the disc and the plate, respectively. 

The calculated eigenfrequencies of the wheelset are listed in Table 1. 
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Fig. 3. Finite element model of the wheelset 



Table 1. Eigenfrequencies of the wheelset 





symmetric 


antimetric 


Torsional modes 


267 Hz, 597 Hz, 3158 Hz, 


82 Hz, 459 Hz, 630 Hz, 




4338 Hz, 6439 Hz, 6860 Hz, 


3158 Hz, 4338 Hz, 6439 Hz 




6965 Hz, 7633 Hz, 10038 Hz 


6945 Hz, 7633 Hz, 10038 Hz 


Umbrella modes 


195 Hz, 808 Hz, 1686 Hz 


247 Hz, 1523 Hz, 1746 Hz 




2168 Hz, 2978 Hz, 3887 Hz 


2539 Hz, 3877 Hz, 4969 Hz 




4976 Hz, 7790 Hz, 10612 Hz 


7789 Hz, 10022 Hz 


Bending modes 


81 Hz, 185 Hz, 500 Hz 


131 Hz, 334 Hz, 613 Hz, 




780 Hz, 1262 Hz, 1671 Hz, 


1235 Hz, 1669 Hz, 1946 Hz, 




1946 Hz, 2197 Hz, 3024 Hz, 


2109 Hz, 2223 Hz, 3024 Hz, 




4370 Hz, 4762 Hz, 7195 Hz, 


4370 Hz, 4762 Hz, 7195 Hz, 




7390 Hz, 8998 Hz, 9812 Hz, 


7390 Hz, 8998 Hz, 9926 Hz, 




10032 Hz 


10106 Hz 



2.3 Modeling of the Contact 

The input of the wheel-rail module are the kinematical quantities, i.e. the 
translational and the rotational displacements and velocities of the nodes, 
where the wheel-rail contact is connected to the wheel and the rail, respec- 
tively. The output of the module are the moments and torques acting in the 
nodes. 

The problem is, that the position of the contact between the wheel and the 
rail varies, but for the EMBS-formulation it would be more advantageous. 
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if the nodes are fixed to the bodies. To solve this problem, in the contact 
module, the wheel and the rail are considered as rigid bodies, except the 
deformations in the contact zone. This assumption seems to be applicable, 
because the wheel rim and the rail head are comparatively massive parts; 
they can move due to the deformations of the wheel and the rail, but hardly 
change their shape. The assumption of rigid bodies provides a very simple 
calculation of the kinematics for the actual contact position and of the forces 
and torques acting at the nodes. The coupling of the wheel with the contact 
module is shown in Fig. 4, the coupling of the contact and the rail is performed 
in an analogous way. 







Fig. 4. Coupling of wheel and rail by the contact module 



First, the relative displacement of wheel and rail is calculated. For the con- 
tact condition in normal direction, a contact spring is assumed, so there is no 
constraint. A penetration of the undeformed surfaces of the bodies is permis- 
sible. So, the contact points are found by the condition, that the penetration 
vector connecting the contact points has to be orthogonal to the surfaces of 
the undeformed bodies. The corresponding geometry is illustrated in Fig. 5. 




Fig. 5. Contact geometry 



The wheel has the profile S 1002, the rail has a slightly modified profile UIC 
60; the modification is the replacement of the middle circle of the rail by an 
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ellipse, according to [8]. This provides a single point contact between the 
wheel and the rail. After the contact points are known, the penetration of 
the surfaces and the velocities at the contact point are calculated. 

In the second step, the forces and torques are calculated. A Hertzian normal 
contact is assumed, the necessary curvatures can be calculated from the pro- 
files. The tangential forces are calculated by the algorithm of Polach, given 
in [4], which bases on the theory of Kalker. This algorithm provides a very 
fast calculation of the nonlinear contact forces. 



2.4 Modeling of the Track 

The track model used was developed by Fingberg in [5] and [6]. The model 
bases on the calculations of Ripke [7], who developed a detailed model of 
the track. The frequency response functions of the track calculated by Ripke 
are approximated by linear decoupled mass-spring-damper oscillators. 

For the lateral motions of the rails, the equations of motions are given by: 

,iQy ^y ,iQy T ^y ,iQy 5 ^ — 1 ... 5, 

5 

'^Track{t) — ^ ^ Qy,i (0 • (^) 

i=l 

Here, rriy^i^ by^i, and Cy^i are the parameters for the equivalent mass, damping, 
and stiffness, respectively. The lateral force and the lateral displacement of 
the rail are denoted by Fy{t) and VTrack{t): respectively. 

For the vertical motions of the rails, the influence of the discrete support by 
the sleepers is taken into account. The equations of motion are given by: 

d" bz^i{t)qz,i{f) T Cz^i{t)qz,i{t) — Fz{t^ , i = 1 . . . 3, 



WTrack{t) ■ ( 7 ) 

i=l 

The vertical force and the vertical displacement of the rail are denoted with 
Fz{t) and WTrack{t)^ respectively. The parameters niz^it), bz^i{t)^ and Cz,i{t) 
of the mass, the damping, and the stiffness are time-dependent. As an exam- 
ple, the time dependency of the mass parameter is given by the following 
equation, the equations for the damping and the stiffness have an analogous 
structure: 



nisi + 



, rrisi - nimi / 27rxws,n \ 1 / f ^7rxws,n 

+ ^ cos — ^ +J l-cos — p- 



XwS,n = '^ 0 ^ + 2\xwS,n • 



Here, I and xws,n denote the sleeper spacing and the current position of the 
wheelset n. 




Modeling and Simulation of an Elastic Bogie 



109 



These equations are used for the description of the track elements at each 
wheel. However, the elements are independent from each other, i.e. there is 
no direct coupling between two track elements. 



3 Simulation Results 

To investigate the influence of the wheelset elasticity, simulations are per- 
formed using the models described above. The notation of the components 
corresponds to Fig.2. 

If the nonlinear yaw damping of the vehicle is replaced by a linear damping, 
the frequency response function can be calculated in a very fast way. This is 
performed to check the convergence for the modal synthesis and to investigate 
the influence of the gyroscopic effects caused by the wheelset rotation. 

Since the complete vehicle-track model contains nonlinear components, mainly 
the wheel-rail contact, the equations can only be solved by using numerical 
integration schemes. Here, a Runge-Kutta method of the fourth order has 
been applied. For the complete vehicle-track system, the following questions 
are investigated: 

1. What is the influence of the discrete rail support? 

2. What is the influence of an unround wheel? 

3. Which influence does the wheelset elasticity have on the limit cycle be- 
haviour and the transient response? 

4. What causes the differences between rigid and elastic wheelset s, if there 
are any? 



3.1 Frequency Response of the Vehicle 

In case of an excitation by harmonic forces, the differential equations (5) for 
the vehicle can be reduced analytically to algebraic equations, so that the 
frequency response function for the vehicle can be calculated. To check the 
convergence of the modal synthesis, the frequency response function of the 
vehicle is calculated with varied numbers of modes. The deviations between 
the calculated curves give answer to the question, how many modal functions 
are necessary. As an example, the results of the investigation for symmetric 
vertical harmonic excitation are shown in Fig. 6. The frequency limits for the 
bending modes correspond to the eigenfrequencies of the modes; the angular 
speed of the wheelsets correspond to a traveling speed of uq =200 km/h. The 
convergence check shows, that the behaviour below 500 Hz can be sufficiently 
described using 4 bending modes. However, at 600 Hz one can see deviations 
at the curve for the wheelset 2. The consideration of 11 bending modes pro- 
vides a sufficient modeling of the vehicle below 1000 Hz; no difference between 
the curves for 11 and 16 bending modes can be seen. This shows, that for 
a sufficient modeling of the vehicle in the frequency range below 1000 Hz 
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Fig. 6. Convergence check by means of frequency response functions 
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the eigenmodes of the free wheelset corresponding to the eigenfrequencies 
located below 5000 Hz have to be taken into account. This comparatively 
high number results from the fact, that the eigenmodes of the free wheelset 
have to be used, because no geometrical boundary conditions for the wheelset 
exist. However, the coupling of the wheelsets and the bogie frame leads to an 
interaction of the modes. 

This analysis also shows the influence of the wheelset elasticity. In the ranges 
around 100 Hz and 200 Hz, distinct peaks of the frequency response functions 
occur; these peaks cannot be obtained by the assumption of rigid wheelsets. 
To demonstrate the influence of the gyroscopic effects, the frequency response 
is calculated for different angular speeds of the wheelset. Here, an antimetric 
lateral excitation is chosen; to perform a linear analysis, the yaw damping 
is assumed to be linear and viscous. The results are shown in Fig. 7. Also in 





10 ^ ■ ^ 

0 100 200 300 400 500 

f[Hz] 

Fig. 7. Influence of the gyroscopic effects shown by frequency response functions 



this case, distinct peaks can be seen in the medium-frequency range. With in- 
creasing traveling speeds and angular velocities, the peak at 130 Hz, resulting 
mainly from the bending modes, splits up; this effect is typical for gyroscopic 
forces. The peak at 220 Hz, however, does not split; it results mainly from 
the umbrella modes of the wheelset. These modes are rotational symmetric 
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and do not have a spatial orientation, so the gyroscopic forces have no influ- 
ence on these motions. The splitted peaks can also be seen in the frequency 
response functions for the symmetric vertical excitation, see Fig. 6. 

3.2 Stationary Behaviour of the Vehicle- Track System 

For undisturbed rolling of the wheelsets, one obtains the time history of the 
normal force acting in the wheel-rail contact depicted in Fig.8. The oscil- 




t[s] 

Fig. 8. Normal force for undisturbed rolling 



lations of the normal force result from the rolling over the sleepers, which 
causes a periodic fluctuation of the dynamical properties of the track. It can 
be seen, that the influence of the sleepers is comparatively weak: The normal 
forces oscillate in the range between -43.5 kN and -58.5 kN; this means an 
oscillation between 87% and 117 % of the static wheel load. 

As mentioned in the introduction, polygonalized wheels occur due to wear. 
Fig. 9 shows the time history of the normal force for a polygonalized wheel. 
For this calculation, the right wheel of the wheelset 2 (cp. Fig.2) is assumed 
to have a harmonic three-periodic polygon with 0.4 mm maximum deviation 
from the nominal rolling radius. According to [9], even a maximum deviation 
of the radius of 0.6 mm is tolerable. All other wheels are perfectly circular. 
Even at the traveling speed of vq =210 km/h, lift-offs of the wheel occur. The 
polygonalized wheel has also an influence on the other, circular wheel of the 
wheelset. In Fig. 10, the normal forces of the wheelset 2 with one polygonalized 
and one circular wheel are compared; the traveling speed for this calculation 
is vq =230 km/h. It can clearly be seen, that also in the contact of the 
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Fig. 9. Normal force for a polygonalized wheel 




t[s] 

Fig. 10. Normal forces for a wheelset with one polygonalized wheel 
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circular wheel, large fluctuations of the normal force occur. In this case, the 
normal force at the circular wheel fluctuates in the range between 60% and 
170% of the static wheel load. However, the influence on the other wheelset 
in the same bogie is very weak; the normal forces in the contact of the other 
wheelset hardly differ from the forces shown in Fig. 8. 



3.3 Limit Cycle Behaviour of the Vehicle- Track System 

Beyond a certain traveling speed, the so-called critical speed uo,crit? the pe- 
riodic lateral motions do not decrease, but a limit cycle behaviour occurs 
because of the nonlinearity of the wheel-rail geometry. Fig. 11 shows the max- 
imum amplitudes of the lateral motions of the wheelsets 1 and 2 assuming 
elastic and rigid wheelsets versus the traveling speed. It can clearly be seen. 
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Fig. 11. Limit cycle amplitudes 




— Wheelset I , rigid 
Wheelset 2, rigid 



that the limit cycle behaviour of the elastic wheelsets starts at a lower travel- 
ing speed than for the rigid wheelsets. Moreover, the elastic wheelsets perform 
larger amplitudes than the rigid wheelsets. At the rear wheelset 2, slightly 
larger amplitudes occur than at the front wheelset 1. This has been known 
from earlier investigations, see [8]. 

To explain this behaviour, the influence of the different types of elasticity is 
investigated. The limit cycles are calculated for pure torsional deformation 
and for flexural deformation, which includes the bending modes and the um- 
brella modes. This distinction between torsional and flexural deformations 
is obvious, because the torsion does not change the shape of the wheelset 
and has thus no influence on the contact geometry. The resulting limit cycle 
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Fig. 12. Influence of different types of elasticity on the limit cycle amplitudes 



amplitudes of the lateral motions of the wheelset 1 are shown in Fig. 12. It 
can clearly be seen, that torsion has a very destabilizing influence on the 
system. The limit cycle behaviour of the torsionally elastic wheelset starts 
at a critical speed of vq^cHi =532 km/h, while the rigid wheelset shows this 
behaviour beyond VQ^cHt =556 km/h. 

The flexural elasticity of the bending modes and umbrella modes shifts the 
critical speed up to vq =569 km/h. However, the amplitudes of the wheelset 
are distinctly larger. This behaviour can be explained by the contact geom- 
etry. It is known, that the combination of the profiles S 1002 and UIC 60 is 
very sensitive to even small lateral and rotational displacements. Deforma- 
tions of the wheelset have an influence on the motion of the wheel rim and 
thereby on the contact geometry. 

For the combination of both types of elasticity, the limit cycle behaviour starts 
at vo^crit =551 km/h. The occurrance of stable limit cycles at lower speeds 
compared to the rigid wheelset is caused by torsion. However, the critical 
speed is higher than for pure torsion; this can be seen by the stabilizing 
influence of the flexural motions. Another effect caused by flexural motions 
are the distinctly larger amplitudes. 

It should be pointed out, that limit cycles for the elastic wheelset s could be 
found only using a nonlinear theory of the tangential forces; the application 
of the linear theory of Kalker failed, but not for the rigid wheelsets. Generally 
spoken, the linear theory yields too large tangential forces, which results in 
too large deformations of the elastic wheelsets. 
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3.4 Transient Behaviour of the Vehicle- Track System 

To investigate the transient behaviour of the vehicle, the front wheelset 1 is 
excited by a lateral impact. Fig.13 shows the phase diagrams of the lateral 
motions of the wheelsets 1 and 2 assuming again elastic and rigid wheelset s. 
The traveling speed is vq =250 km/h, the initial lateral velocity of the front 
wheelset is ywsi =0.5 m/s. As already seen in the investigation of the limit 
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Fig. 13. Influence of the wheelset elasticity on the transient behaviour 



cycle behaviour, the elastic wheelsets perform larger amplitudes than the 
rigid wheelsets. It is remarkable, that the amplitudes of the rigid wheelsets 
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decrease within 8 s, while the elastic wheelsets show distinct periodic motions 
with an amplitude of 0.5 mm even after 20 s. 

To investigate the influence of the car body, a calculation is performed, where 
the antimetric motions of the car body (lateral, yaw, and roll motion 
and ip) are blocked. Fig. 14 shows a comparison of the lateral motions of the 
wheelset 1 assuming a fixed and a free car body; in both cases, the wheelsets 
are elastic. For large motions, there are only very small deviations between 
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Fig. 14. Influence of the car body on the transient behaviour 
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the curves. However, in case of small motions. Fig. 14 shows, that for a fixed 
car body the lateral motion of the wheelset diminishes very fast, while the 
decay of the motions for a free car body is distinctly slower. It should also 
be pointed out, that the phase curve for a fixed car body represents a time 
of 4 seconds, while the phase curve for a free car body represents 20 seconds. 
This behaviour can be explained by the remaining low frequent vibrations 
of the car body. The frequency of the motions is 1.45 Hz, which corresponds 
to the eigenfrequencies of the lateral and yaw motions of the car body. The 
frequency of the superimposed fast oscillations is 115 Hz; this is the frequency 
caused by passing the sleepers. 

Similar as in the last section, the influence of different types of elasticity is 
investigated. Again, the calculation is performed for pure torsional deforma- 
tions and for pure flexural deformations; in any case, the car body is free. The 
results are shown in Fig.l5; the curves for the torsional elastic, flexural elas- 
tic, and full elastic wheelsets represent a time of 20 seconds, the curve for the 
rigid wheelset a time of 8 seconds. It can clearly be seen, that the slow decay 
of the amplitudes is mainly caused by the flexural deformations. The curves 
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Fig. 15. Influence of different types of elasticity on the transient behaviour 



— rigid wheelset 

— torsional elasticity 



— flexural elasticity 

— full elasticity 



for the rigid wheelset and for the torsionally elastic wheelset hardly differ 
from each other. The combination of the flexural and torsional deformations 
leads to larger amplitudes and slower decay than for pure flexural elasticity. 
The reason of this behaviour can be explained by the influence of the flexural 
motions on the contact geometry, which is very sensitive, as said before. The 
flexural deformations are enforced by the lateral and yaw motions of the car 
body, which has a very large inertia. 

It can be said, that the combination of the elasticity of the wheelsets and 
the motions of the car body cause a very slow decay of the lateral motion of 
the wheelsets. Due to the fact, that lateral motions cause creepages in the 
contact, this could lead to increased wear. 

4 Conclusion 

In this paper, the modeling and the simulation of a railway vehicle with 
elastic wheelsets has been considered. It is possible to describe the vehicle 
with rotating elastic wheelsets by linear differential equation with constant 
coefficients. This simple mathematical structure provides a very easy analysis, 
which can be used for fast convergence checks of the modal synthesis or the 
investigation of parameter influences. Furthermore, the chosen description for 
the rotating elastic wheelsets provides a very simple coupling to the wheel-rail 
contact module. 

The investigation of the frequency response of the vehicle shows distinct 
peaks in the mid-frequency range, around 100 Hz and 200 Hz for symmetric 
vertical excitation and around 130 Hz and at 220 Hz for antimetric lateral 
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excitation. These peaks result from the wheelset elasticity, they cannot be 
obtained using an MBS consisting of rigid bodies. The frequency response 
functions calculated with varied numbers of modes can be used for a conver- 
gence check. This check shows, that the consideration of the modes of the 
free wheelset, which correspond to eigenfrequencies below 5000 Hz, is suffi- 
cient for the simulation of the vehicle motion in the range below 1000 Hz. 
Since there are no geometric boundary conditions for the rolling wheelset, 
the eigenmodes of the free wheelset have to be used. The comparatively high 
number of necessary modes results from the coupling between the wheelsets 
and the bogie frame. The increasing angular speed of the wheelsets leads to 
a splitting of the resonance peaks caused by the bending modes, which is 
typical for gyroscopic effects. 

Furthermore, the interaction of the vehicle with elastic wheelsets and an elas- 
tic track has been investigated. The influence of the sleepers is comparatively 
weak; it leads to fluctuations of the normal force in the range between 87% 
and 117% of the static wheel load. Polygonalized wheels, however, cause ex- 
tremely strong fluctuations of the wheel loads. At a traveling speed of i;o =210 
km/h, lift-offs and peaks of the normal force with more than 200% of the 
static wheel load occur at the polygonalized wheel. A single polygonalized 
wheel also has an influence on the other wheel of the same wheelset. Even 
if the second wheel is perfectly circular, the normal force oscillates in the 
range between 60% and 170% of the static wheel load. However, the second 
wheelset in the same bogie is not influenced by the polygonalized wheel. 

The investigation of the limit cycle behaviour shows, that the limit cycle 
motion occurs at slightly lower traveling speeds for an elastic wheelset than 
for a rigid wheelset. However, the elastic wheelsets perform distinctly larger 
amplitudes of the lateral motion than the rigid one. The influence of different 
types of elasticity, namely the torsional and the flexural elasticity, on the limit 
cycle behaviour has been investigated. The torsional motions have a very 
destabilizing effect on the wheelset; for pure torsional elasticity, the critical 
speed drops to distinctly lower traveling speeds. The flexural elasticity shifts 
up the critical speed, but when the limit cycle behaviour starts, distinctly 
larger amplitudes occur. The combination of both types of elasticity leads, 
as said before, to a slightly lower critical speed and larger amplitudes. 

The investigation of the transient behaviour shows, that the combination of 
the wheelset elasticity with the motions of the car body has a significant in- 
fluence on the wheelset motions. If only one of these two effects is taken into 
account, one obtains a comparatively fast decay of the lateral motions of the 
wheelset. The combination, however, leads to lateral wheelset amplitudes of 
0.5 mm, which decrease extremely slow. A comparison of the influence of the 
torsional and the flexural elasticity on the transient behaviour shows that the 
slow decay is mainly caused by the flexural motions. 
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Abstract. Railway wheels suffer wear, irregular wear pattern develop on their 
treads. Travel comfort and safety are reduced, expensive reprofiling becomes neces- 
sary. A common explanation for the evolution of the wavy wear pattern is seen in 
an interaction of fast motions of vehicle-track dynamics and slow wear processes. 
To study this evolution a model will be developed here. The basic idea: The instan- 
tanious abrasion in the contact zone is governed by the actual contact conditions. 
Starting from small initial irregularities the evolution of wavy wear on the treads 
is simulated numerically. Depending on the running conditions the wear pattern 
differ with respect to profile and waviness. The results correspond to observations. 



1 Introduction 

In railway traffic the contact between wheel and rail has a significant influ- 
ence on travelling comfort and safety. Therefore, the treads of railway wheels 
and especially the development of wear pattern on the treads are of great 
interest to the railway companies and a lot of research has been done on this 
subject^. 

Among others Zobory [23] and Kim [4] have investigated the development of 
the profile of the wheels (in the axial direction). The form of the profile has 
got a strong influence on the lateral dynamics, running stability and running 
through bends. Out-of-roundnesses (in the circumferencial direction) as they 
have been studied by Meinke and Meinke [13], Morys [15], Meywerk [4] and 
Brommundt [5] have an influence on the vertical and longitudinal dynamics; 
the oscillating forces impair comfort and safety. 

In this paper the wear on the wheel tread will not be dealt with separately 
for the profile and the out-of-roundnesses. The wear on the wheel tread in 
axial and in circumferencial direction will be treated as interrelated. This ap- 
proach is motivated by observations: The wheels of the ICE-train show wavy 
wear pattern of three troughs in the middle of the tread and only little wear 
near the flange and the face (see Zacher [11], Morys [15]). In the “Gotthard 
Experiment” (see e.g. Muller [17]) wear pattern were observed with waves 
of the 5th harmonic near the flange and waves of the 20th harmonic near 
the face of the wheel. Depending on the railway vehicle constructions, the 

^ Zobory [23] inspects the literature on the wear of the profile. Johannsson and 
Nielsen [6] present a literature survey on out-of-round railway wheels. 
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running speeds and the character of the track (straight or curved) different 
wear pattern develop. How these wear pattern evolve will be sketched in this 
article^ . 



1.1 The Common View of the Evolution of Wavy Wear Pattern 

The shape of the wheel tread is described by the radius (see Fig. 2) 

R{/3,y,T) = Rp{y) +eAR{^,y,T) . (1) 

Here is the wheel profile of the ideal “new” wheel and AR denotes some 
deviation. AR is a function of the surface coordinates (y,/3) and changes 
slowly with time r due to wear. The non-circular constituents of AR cause 
fast oscillating motions of vehicle and track. Two time scales, the fast time 
t and the slow time r, are introduced. The evolution of wavy wear pattern 
on the tread of railway wheels is conceived as an interaction of fast and slow 
processes (Fig. 1): 




Fig. 1. Interaction of fast- and slow-time dynamics 



^ For the full text see Michael Kiisel: “Wellige VerschleiBmuster auf den Laufflachen 
von Eisenbahnradern” . To be published. 
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The initial shape (T) of the wheel^ at r = tq contains only a small deviation 
from the ideal round tread surface The rolling wheels vibrate on the track 
due to the surface deviations and to external excitations E by the motion of 
the carriage (3)- These vibrations of vehicle and track are functions of the fast 
time t (3)' They go along with oscillating contact forces Ec creep u at the 
contact point (coordinates (5). These forces and creep cause wear on the 
wheel surface (6). The wear pattern changes. This closes the feedback loop(?). 
After running distances of approximately 100.000 km the surface deviations 
exceed a limit and reprofiling becomes necessary^. 

1.2 Shape of Wheel Surface 

The surface deviation AR will be described in axial direction by a polynomial 
with respect to the lateral coordinate y and in the circumferencial direction 
by a Fourier polynomial with respect to the angle (3: 

N M 

AR{l3,y,T)= ^ ^ Armn{T)y'^e^'^^ . (2) 

n= — N m=0 

The coefficients Armn{T) of these sums depend on the slow time r. 




Fig. 2. Coordinates at the 
wheel 



For the radius R given by (1) and (2) the surface of the wheel can be for- 
mulated with respect to a fixed reference system (eQ,Fo) by the position 
vector 

rw ^Zlvcm^o + [Rsin{l3),y,Rcos{p)]e^ , (3) 

^ For simplicity we only look at a single wheel. 

^ These running distances depend strongly on the operating conditions, cf. 
Muller [17]. 
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and the surface normal vector reads 

drw drw 

X — — . 

dp dy 



( 4 ) 



Similar expressions hold for vr, tir, the position vector and the normal vector 
of the rail. 



2 Fast-Time Dynamics 

The model for the fast-time dynamics has to describe the motions of the 
vehicle and the track, and to trace the contact between wheel and rail. 

2.1 Vehicle- Track Model 

The vehicle-track model for the fast-time dynamics (Fig. 3) consists of a sin- 
gle wheelset, which is running on the track and is attached by spring-damper 
pairs to the bogie. The bogie is running with constant velocity vq and is 
guided. 




The wheelset has 15 DOF (coordinates U\y)^ displacements of the wheel 
centers, rotations of the wheels, inclinations of the hubs and rims. The de- 
formations of the axle and the wheel disks obey certain shape functions. The 
equations of motion for the vehicle are established by the Lagrangian formal- 
ism. 

The track consists of two infinite continuous beams bedded on Winkler foun- 
dations. Lateral, vertical and longitudinal displacements plus torsion are 
taken into account (coordinate matrix Ur)- For harmonic excitation at the 
point of contact to the wheel, the partial differential equations for the rails 
are reduced to dynamic stiffnesses. 
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2.2 Contact Conditions 

Vehicle motion and track displacement are coupled by the contact between 
the wheels and the rails. For the point of contact can be calculated 1. the 
conditions for the contact geometry, 2. the relative speeds, 3. the contact 
forces. 
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Fig. 4. Geometrical contact 
conditions 



1. As depicted in Fig. 4 wheel and rail touch each other tangentially at one 
contact point. This leads to the following vector equations: 



nwc X nRc = 0 , 


(5) 


rwc - vrc = [0,0,0]ec ■ 


(6) 



The normal vectors of the wheel and the rail surface have to point into 
the same direction. The position vectors have to be equivalent. ^From these 
conditions one gets for the contact point the contact coordinates X(j and the 
angular orientations of the contact coordinate systems Bq — D_^Bq of wheel 
and rail. 

2. At the contact point hold the relative velocities, the creep and 



vwc X — '^RC X 

i^x = 

^0 

_ y\VCy — VRCy 

Uy 

^0 

and the spin creep 0: 

, (^WC z - ^RC z 

(j) \= 

^0 



with 






3. The contact forces are expressed by the linear theory of Kalker [9] : 
Fc=Qm. with Fc = [Fcx,Fcy,Fc z] , ■ 



(7) 

( 8 ) 

(9) 



( 10 ) 



In general, the equations (4 - 9) for the contact are highly nonlinear. By intro- 
ducing the small parameter s and the assumption of small surface deviations 
and displacements the equations are linearized systematically. 
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2.3 Fast-Time Equations 

The equations for vehicle, track and contact are assembled into a single sys- 
tem of equations: 

= f{E, AR ) , (11) 

with the state matrix for the vehicle-track dynamics 

• ( 12 ) 

The equation describes the forced motion of vehicle and track. The excitations 

/(E, AR) on the right hand side contain the influence of the surface deviation 
(2) and the external excitations: 

— ~ Eme^ msQt [Q ... . angular velocity) . (13) 

m 

The equations are linearized with respect to the relatively large guided mo- 
tion of the bogie. Therefore, the fast-time dynamics can be handled in the 
frequency domain {/3 « fit). By a Fourier ansatz for the state matrix u, 

« = (14) 

m,n 

the differential equation (11) reduces to a system of algebraic equations 

Mm,n — =E ‘ 

The ^ are frequency dependend transfer functions. They specify the ratio 
between the coefficients of the excitations and the forced motions. The main 
results from the equations are the contact coordinates the creep u and 
the contact forces By these variables the trace of the contact point and 
the pertinent frictional power on the wheel tread are determined. 

Fig. 5 shows an example for the trace of the contact point on the wheel 
tread and the governing frictional power (The motion does repeat after 7 
revolutions of the wheel). This is the essential input to the slow time model. 



3 Slow-Time Behaviour 

The wavy wear pattern on railway wheels develop slowly with time. As men- 
tioned in the Introduction, the wear will not be equally distributed on the 
surface of the wheel tread. Therefore the two tasks for the slow-time model 
are: 

• deduce the distribution of the wear load on the wheel surface 

• determine for this distribution and for a given wear law the slow evolution 
of the wheel surface 
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Fig. 5. Trace of the contact 
point and governing frictional 
power 



The input into the slow-time model is the trace of the contact point on the 
tread and the governing frictional power as pictured in Fig. 5. The curves 
are based on the assumption of punctual contact. For the wear model one 
has to consider an extended contact zone. The contact zone is bordered by 
the Herzian contact ellipse. Thereby, the curve in Fig. 5 is transfered into 
a density function. It describes the distribution of the frictional power on 
the wheel tread. The distribution is assumed - similar to the Herzian normal 
pressure - to be parabolic over the contact zone (width 26). 




Fig. 6. Distribution of the fric- 
tional power 



The distribution for the example in Fig. 5 is pictured in Fig. 6. The distri- 
bution is approximated by Fourier polynomials in the circumferencial and by 
Legendre polynomials in the axial direction. Fig. 7 shows the approximation 
over 7 revolutions and Fig. 8 the final approximation of the frictional power 
averaged over one revolution. 
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Fig. 7. Approximated frictional 
power (7 revolutions) 



Fig. 8. Approximated frictional 
power (1 revolution) 



This approximation becomes necessary as the frictional power has to be ex- 
pressed by the same functions as AR. 

The wear of the wheel surface is assumed to obey: 

= —kyPw (A:v^....wear coefficient) . (16) 

or 

This wear law is based on the frictional work hypothesis by Fleischer [9]: 
The amount of material removed by wear is proportional to the accumulated 
frictional energy. Depending on the approximated frictional power the surface 
deviation develops slowly with time. 



4 Evolution of the Coefficients of the Wavy Wear 
Pattern 

Now, the description of each single part of the model has been completed. 
Nevertheless it is worth looking at the feedback loop of the interaction of 
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fast and slow processes again (compare Fig. 1 and 9). The feedback loop has 
been introduced in Section 1.1 in a very general form. Here it is seen that 
the evolution of the wavy wear pattern can be described by the evolution of 
the coefficients of the surface deviations. The surface deviations AR are ex- 
pressed by polynomials in y and by Fourier polynomials in j3. The coefficients 
Armn{^) - starting from initial values (1) - develop slowly with time r. 




Fig. 9. Feedback loop for the evolution of the surface coefficients 



The coefficients of the surface deviation Arm n ^nd of the external excitations 
are the inputs into the fast-time model ( 2 ), (^. By multiplying them with 
the transfer functions one does get the coefficients of the forced motion 
of the system ( 3 ), (5). Of special interest are the coefficients of the contact 
coordinates creep and the contact forces F_cmn ®* These 

induce the distribution of the frictional power, which will be approximated 
by Fourier-Legendre polynomials. By numerical integration one does get the 
coefficients of the surface deviations Avmn The feedback loop for the 
evolution of the coefficients of the surface deviation has closed (8). 
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5 Numerical Results 

Fig. 10 shows the small initial surface deviations for the left and right wheel. 
Starting from these initial conditions the bogie is running with constant ve- 
locity and on a guided course. 




Fig. 10. Initial surface deviations of left and right wheel 

Fig. 11 shows schematically the left-right shifted alternating motion of the 
bogie. The worn out wheel treads in Fig. 12 exhibit distinct wear pattern. 
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Fig. 11. Example 1: schematic course of the bogie 




Fig. 12. Example 1: surface deviations at r = 20 
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In the regions where the wheel treads had been in contact (left and right side 
of the tread) deep grooves have formed. These grooves are wavy. The grooves 
near the wheel flanges show a wavelength of the 2^^ harmonic and in the 
groove near the wheel face of the 7^^ harmonic. 



In the second example the bogie has been guided in a sinusoidal motion 
(wavelength 157ri?o) with a alternating small offset. 




The worn out wheel treads are shown in Fig. 14. 




Fig. 14. Example 2: surface deviations at r = 100 

The wear is less severe than in the first example as there has been less constant 
creep due to the constant offset. Once again the wheel surface is worn out 
where it has been in contact. In this region the wear is almost uniformly 
distributed in axial direction. The wheel surface shows, similar to the first 
example, a wavy wear pattern of the 2^^ harmonic near the flange and of the 
^th harmonic near the face. 

6 Conclusions and Outlook 

The wear pattern calculated with this model agree qualitatively with observa- 
tions. Up to now, a quantitative comparison of the calculated and measured 




132 



Michael Kiisel, Eberhard Brommundt 



results has not been attained. The presented model is capable to describe the 
evolution of wavy wear pattern on railway wheels. 

When developing the model it has been paid attention to build up the model 
by single moduls and to derive the equations starting from very general as- 
sumptions. Therefore it is possbile to extend and upgrade the model and to 
transfer the governing method to related wear problems. Promising future 
approaches might be a more complex vehicle-track model. Unbalance forces 
can be included via the external excitations, see equation (13). The guidance 
of the bogie restricts the motion of the vehicle and the track. To include the 
influence of the instantanious shape of the tread on the running behaviour is 
recommendable. 
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Abstract. High-speed trains in Germany often suffer from vibrations of the car 
body in the so-called medium-frequency range (30-300 Hz), also known as 100 Hz 
droning noise. The reason of this unpleasant phenomenon is the development of out- 
of-round wheels. This paper will discuss the influence of initial out-of-roundness 
of wheels as well as the influence of wheelset unbalances at high speeds on this 
wear process. Using a modular approach the model of the wheelset based on the 
method of flexible multibody systems is coupled to the rail with a complex wheel- 
rail contact module. In order to account for the long-term wear effects on the 
wheels the mechanical model is extended by a long-term wear model using a wear- 
feedback loop in a different time scale. The presented results of wear simulations are 
subsequently used to discuss the influence of initial out-of-roundness and wheelset 
unbalances at high speeds on the order and magnitude of developing wear patterns. 



1 Motivation 

The introduction of the high speed train Intercity Express (ICE) in Germany 
(1991) has led to new and sometimes only poorly understood problems due to 
high speed. One of these new problems was easily noticed by passengers due 
to its loud and disturbing droning noise. The responsible structural vibra- 
tions of the car body were excited by out-of-round wheels, which obviously 
lost their original round shape under the influence of irregular wear. Conse- 
quently the changing wheel profiles were causing accelerated wear such that 
the wheels had to be reprofiled after reaching a critical limit. The character- 
istic frequency for the excited vibrations of the car body was in the range of 
70-100 Hz, which is in the so-called medium frequency range (30-300 Hz). 
In order to analyse the rotor dynamics and possible mechanisms for the 
wear development, an appropriate approach to model flexible bodies in the 
medium-frequency range has to be selected. Combining the advantages of 
rigid multibody systems and finite element systems a suitable method is avail- 
able to account for the first eigenmodes of the wheelset in the questionable 
frequency range. 



2 Flexible Multibody Systems 

The method of multibody systems using a minimum set of generalized coordi- 
nates has proven to be a very suitable and successful method for the analysis 
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of constrained mechanical systems, as shown by Schiehlen [18]. In addition to 
the rigid body approach, where rigid bodies can be connected through mass- 
less joints and force elements the extension towards flexible bodies enables 
the consideration of structural deflections of selected bodies of the multibody 
system. 

The approach to model flexible multibody systems used in this paper is based 
on the idea assuming large gross motions and superimposed small flexible de- 
formations. For the discretization of the elastic body either local or global 
shape functions can be used. Due to the flexibility to model even very com- 
plex geometric structures, local shape functions (finite element method) have 
been chosen. The deformation of the structure is described by the modal ap- 
proach, i.e. through space dependent mode shapes and time dependent modal 
coordinates, as presented by Kim and Haug [5], Likins [8] and Shabana [19]. 
The flexible body approach is widely used in vehicle dynamics, see e.g. Claus 
and Schiehlen [2] and Ambrosio and Gongalves [1]. 



2.1 Kinematics and Dynamics 

The rigid body motion of a flexible body can be described by introducing a 
moving reference frame subject to large translational and rotational motions. 
The position of the reference frame j is then given by the position vector r j {t) 
and the rotation matrix Sj{t) relative to an inertial frame, see Fig. 1. 




Fig. 1. Definition of deformation and reference vector 



The elastic deformations of the body, considered to be small, are described by 
a displacement vector and a rotation matrix Sju linearized with respect 
to the reference frame. The position of a volume element dVu relative to the 
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reference frame j is given by 

dju{c,t) = Cu + Uu{c,t) , ( 1 ) 

where indicates the position of the marker frame u in the undeformed 
position and u^(c,^) for the displacement field. 

In order to minimize the number of degrees of freedom of the system, a 
modal reduction is used. Thus the displacement field u is described by a 
linear combination of a time invariant translational mode shape matrix 
containing selected deformation modes, and the vector q of generalized elastic 
coordinates, which are functions of time only: 

u„(c,t) = ^(c)q(i) . (2) 

Assuming only small deformations, the rotation matrix accounting for 
the orientation of the marker frame u relative to the reference frame j, is 
accordingly described as 

Sjw(c, t) = I + , (3) 

where I denotes a [ 3 x 3 ] identity matrix and ^ a skew-symmetric matrix due 
to the rotational elastic deformations. The matrix ^ is derived from the vector 
of small rotations = [a ^ 7]^. According to (2) this rotation vector can be 
expressed as a linear combination of a time-invariant mode shape matrix ^ 
and the vector q of generalized elastic coordinates 

= '®'(c)q(i) . (4) 

As mentioned before the discretization of the elastic body can be accom- 
plished either by using local or global shape functions. The advantage of 
local shape functions is, that even complex geometric structures can be de- 
scribed. Thus using the finite element method, the translational mode shape 
matrix (2) can be expressed by 

#(c) = S'^A(c)SBT , (5) 

where A(c) is the element shape function matrix, B is the Boolean matrix 
describing the assemblage of the finite elements and T denotes the modal 
matrix, summarizing the mode shapes of the structure. The matrices S and S 
transform the displacements from the element to the reference frame. The 
rotational mode shape matrix ^ is obtained in a completely analogue manner. 
Before deriving the equations of motions the absolute position and orienta- 
tion as well as the absolute velocities and accelerations of the marker frame u 
attached to the volume element dVu of the elastic body have to be formu- 
lated: 

= Yj -^r dju = Yj + (Cu + U^) , 

— ^j^ju • 



(6a) 

(6b) 
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The expressions for the absolute velocities and accelerations can be derived 
using relative kinematics, see Melzer [14]. Applying D’Alembert’s principle 
the equations of motion of a flexible multibody system can be written as 

M(y, t) y{t) + kc(y, y, t) + ki(y, y) = q/(y, y, t) , (7) 

with the mass matrix M, the vector of generalized gyroscopic forces kc, the 
vector of stiffness and damping forces , and the vector of generalized applied 
forces q/. The generalized coordinates of the system are assembled in the 
vector y, with the vector of the rigid body motion and the vector of 
elastic coordinates q as sub- vectors, such that 

y(<) = [yr(0 ■ (8) 

Various volume integrals have to be evaluated to obtain the mass matrix. 
Since small deformations are assumed, these volume integrals can be ex- 
panded into a Taylor series of elastic coordinates up to first order. The coeffi- 
cient matrices of the Taylor series, the so-called shape integrals, are calculated 
by numerical integration. Since the shape integrals are independent of time, 
they can be computed prior to time integration by pre-processing. A detailed 
description of this approach can be found in Melzer [14] and Piram [16]. 

2.2 Procedure of a Dynamic Analysis for a Flexible System 

The procedure of the dynamic analysis of a flexible system is presented in 
Fig. 2. Starting with the definition of the mechanical model of an engineer- 
ing system, the elastic parts of a multibody system are discretized using a 
finite element software, e.g. ANSYS [17]. The resulting data for the mass 
and stiffness matrix as well as the user-selected eigenmodes of the elastic 
body is used in a preprocessor, e.g. FEMES [22] in order to compute the 
shape integrals describing the elastodynamical behaviour. To gain a maxi- 
mum of software interoperability, these terms are saved in a standardized 
format (SID). The equations of motion can be computed by a multibody sys- 
tem code, e.g. NEWEUL [7]. Reading the input-file defining the topological 
structure of the multibody system and the SID-file containing the information 
about the elastic body, NEWEUL yields mixed symbolic- numerical equations. 
The simulation of the system can finally be carried out using standard time 
integration techniques. 

3 Modeling of Rotating Wheelsets 

The first step in creating a simulation tool to investigate the development 
of out-of-round wheels is to set up an appropriate mechanical model of the 
wheelset. Following the procedure exposed in Fig. 2, the essential steps to 
model the wheelset type BA 14 of the Deutsche Bahn AG, which is the 
commonly-used wheelset for the German high-speed train ICE 1, are de- 
scribed in the following subsections. 
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Fig. 2. Procedure of a dynamic analysis of a flexible system 



3.1 FE-Model of the Wheelset 

The symmetry of the wheelset equipped with altogether 4 disk-brakes is used 
for the description of the discretized structure by the finite element software 
ANSYS [17]. In order to gain a maximum of flexibility, the geometric shape of 
the wheelset is characterized by a set of 54 geometric parameters, as described 
by Meinders [10]. The 3D finite element structure is generated by rotating a 
2D mesh of the wheelset as explained by Meinders [11]. The elements used 
in this model are SOLID73 from the ANSYS library which provide 6 degrees 
of freedom for each of the 8 nodes. This is an important requirement for the 
later use of the finite element data in the flexible multibody system. 

Requirements due to the Rotation of the Reference Frame 

The connection between the finite element model of the wheelset and the 
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description of the rigid body model (springs, dampers, bogie coach, rail, etc.) 
is achieved by a limited number of so-called marker frames u, as shown in 
Fig. 1. The information about the flexible properties of the body in terms of 
shape integral matrices is only provided for these selected marker nodes of 
the flnite element model. The reason for this reduction is to keep the size of 
the overall model and thus the computation time in reasonable limits. 

In case of a rotating wheelset the rotation itself is described by a reference 
frame which is located in the middle of the wheelset on its centerline. There- 
fore, each node of the structure that is not located on the centerline will 
rotate with the reference frame with respect to the inertial frame. This can 
be easily avoided for the interconnecting marker nodes of the primary suspen- 
sion as well as the marker nodes later needed for the modeling of unbalances 
by choosing nodes lying directly on the centerline. 

The essential wheel-rail contact of the wheelset with its forces and moments is 
acting on the wheel surface. Therefore, it is not feasible to select one speciflc 
node from the surface of the wheels flnite element structure since those nodes 
are rotating relative to the inertial frame. 



Realization of the Non- Rotating Wheel- Rail Force 

The modeling challenge to realize a non-rotating wheel-rail force acting on the 
surface of the wheel can be resolved using the following important property of 
the wheelset: The eigenmode analysis of the FE-structure for the unsupported 
wheelset (see Fig. 4) as well as for the supported case showed that the wheel- 
rim has no signiflcant deformation in the frequency range of 0-300 Hz. Thus, 
the wheel-rim can be treated as a rigid body for the investigation in the 

Using this property of the wheel the degrees 
of freedom of the wheel-rim elements are con- 
strained and supplemented by four also con- 
strained beam elements such that the motion 
of the rim is represented by the center-point 
in the middle of the wheel, as shown in Fig. 3. 
This center-point is subsequently chosen as a 
marker node. Thus, the necessary wheel-rail 
contact forces and moments can act on the 
wheel-rim even though they are applied to the 
marker in the middle of the wheel. 

3.2 Modal Analysis and Selection of the Elastic Coordinates 

The first step in analysing and understanding the dynamical properties of the 
wheelset is a modal analysis. Subsequently the knowledge about the eigen- 
behaviour in the medium-frequency range is used to select the eigenmodes 
needed as elastic coordinates in the flexible multibody system. 



medium frequency range. 




Fig. 3. Center-point 
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The resulting eigenmodes of the unsupported wheelset in the frequency range 
up to 290 Hz are presented in Fig. 4. At a frequency of 82,5 Hz the first elastic 




1®^ anti-metric torsional mode (82,5 Hz) 




1 symmetric bending mode (84,6 Hz) 




2^^^ symmetric bending mode (188,5 Hz) 




1®^ symmetric umbrella mode (235 Hz) 




1®^ anti-metric bending mode (131 ,8 Hz) 1®^ symmetric torsional mode (261 Hz) 

Fig. 4. Eigenmodes of an unsupported wheelset in the frequency range up to 290 Hz 



eigenmode of the wheelset is characterized by a torsional motion of one side 
of the wheelset against the other with a nodal point between the two inner 
disk-brakes (1^^ anti-metric torsional mode). The next two eigenfrequencies 
at 84,6 Hz are the symmetric bending mode in vertical and horizontal 
direction. At this low frequency wheels and disk-brakes obviously still be- 
have as if they were rigid. This is not true any more for the anti-metric 
bending mode at 131,8 Hz. At this frequency the flexibility of the wheel mem- 
brane influences the movement of the wheels. This can also be found for the 
2 nd symmetric bending mode at 188,5 Hz, where wheels and disk-brakes bend 
in opposite directions. At a frequency of 235 Hz the wheel-rims are moving 
symmetrically along the wheelsets axis. This eigenmode is therefore called 
1®^ symmetric umbrella mode. The symmetric torsional mode at 261 Hz 
has four nodal points, where the wheels and inner disk-brakes are moving 
in the same orientation. The last eigenmode in the frequency range up to 
300 Hz is the 1^* anti-metric umbrella mode at 296,1 Hz. 

Based on the knowledge of the eigenbehaviour of the wheelset an accurate 
selection of type and number of the eigenmodes taken into account for the 




140 Thomas Meinders, Peter Meinke 



inclusions in the flexible multibody system is required. Several simulations 
with different sets of eigenmodes have shown that the umbrella modes as well 
as the 1^^ symmetric torsional mode are not necessary to describe the struc- 
tural vibrations of the wheelset based on the given boundary-conditions and 
excitations through unbalances, out-of-round wheels or rail imperfections. As 
a consequence the following seven eigenmodes are included in the model as 
generalized elastic coordinates: 

• anti-metric torsional mode 

• symmetric bending mode (vertical & horizontal) 

• anti-metric bending mode (vertical & horizontal) 

• 2^^ symmetric bending mode (vertical & horizontal) 



3.3 Consideration of Static and Dynamic Unbalances 

One important parameter for the investigation of the wear development of 
out-of-round wheels are the unbalances of the wheelset. Thus, the model is 
prepared for the consideration of static and dynamic unbalances. 



Static Unbalances 

The magnitude of the static unbalances of the wheels and disk-brakes are 
based on the regulations of the Deutsche Bahn AG, as described by Meinke 
and Szolc [13]. According to this the limits for admissible static unbalances 

U = m £ , (9) 

where m is the mass of the rotating body and e is the eccentricity (due to 
manufacturing inaccuracies) with respect to the rotating axes of the rotor 
are as follows: U^heei < 50 gm and Ubrake < lb 

In the flexible multibody system these static unbalances are modeled with 
mass-points attached to the corresponding marker frame u of wheels and disk- 
brakes. The position of the static unbalances corresponds to the mounting 
regulation by DB AG. As depicted in Fig. 5 the static unbalances of the 
wheels are mounted opposite to the unbalances of the disk-brakes. 



Dynamic Unbalances 

Dynamic unbalances can be caused by skew mounted disk-brakes or wheels, 
an inhomogeneous mass distribution in the rotor of due to measures trying 
to reduce the size of the static unbalances. Dynamic unbalances are char- 
acterized by so-called products of inertia such that the matrix for the mass 
moment of inertia 



1 = 



4 0 0 

0 ly lyz 

0 lyz 4 



(10) 
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contains off-diagonal elements, e.g. the product of inertia Iyz> In order to 
consider this in the flexible model of the wheelset it is important to bear 
in mind that the principal moments of inertia of the wheels and disk-brakes 
are already described by the shape integral matrices resulting from the fe- 
description. Consequently the dynamical unbalances are modeled as massless 
rigid bodies (see Fig. 5), whose matrix for the mass moment of inertia are 
missing the principal moments of inertia: 



1 = 



0 0 0 
0 0 lyz 

^lyz 0 



( 11 ) 



4 Wheel-Rail Contact Module 



Railway dynamics are highly influenced by the complex wheel-rail contact 
situation. Especially for the investigation of wear happening between wheel 
and rail, a detailed model of this complex contact geometry is essential. 

One such detailed model is the wheel-rail contact module of Kik and Stein- 
born [3], which was originally developed for the use in the multibody system 
software MEDYNA. Due to its well-defined input-output structure it was pos- 
sible to extend the multibody system software NEWEUL/NEWSIM [7] with 
the ability to describe complex railway systems. A detailed report about the 
integration of the wheel-rail contact module as a force element in the software 
package NEWEUL/NEWSIM is given by Voile [21]. 




142 



Thomas Meinders, Peter Meinke 



4.1 Modular Organization of the Contact Module 

The principal modular structure of the contact module is shown in Fig. 6. 
Based on the current position of the wheel j relative to the rail-head i the 



Geometric problem 




Fig. 6. Modular organization of the contact module 



position vector r^ and the rotation vector 7^ as well as the relative veloci- 
ties and angular velocities serve as the fundamental input parameters 
for the wheel-rail contact module. Needed for each step of the numerical time 
integration of the system, the contact module provides the contact forces 
and moments M.y;7. acting between wheel and rail. 

As shown in Fig. 6 the contact module is split up into three parts that need 
to be completed in order to obtain all data for the given contact situation: 



Geometric Problem 

The contact module enables the use of different spline approximated profiles 
for wheel and rail. The profiles used for the simulations presented in this 
paper are UIC60 and S1002. Based on the given relative position of the wheel 
relative to the rail the 3D contact geometry is transformed into a 2D plane 
as shown in Fig. 6. Consequently the contact zones and contact points can be 
determined. Finally the information obtained from this 2D contact situation 
is transformed back onto the 3D bodies of wheel and rail. The output data 
obtained from the geometric part of the contact module are essentially the 
number and position of the contact points, the resulting penetrations in the 
contact points and the angles of contact. 
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Normal Contact Problem 

The second part of the contact module, the normal contact part, uses the 
values of the half-axes of the ellipses and the penetration to compute the 
normal forces based on Hertzian Theory. 



Tangential Contact Problem 

Finally the tangential contact part of the module computes the tangential 
forces, twisting moments as well as the slip values. The contact theory used 
in this part of the model is Kalker’s simplified theory, also often referred to 
as the FASTSIM algorithm. 



4.2 Varying Wheel Radii During Time Integration 

One important requirement for the use of the wheel-rail contact module is the 
possibility to describe varying wheel radii depending on the present angular 
position of the wheel. Since the focus of the wear investigation requires these 
radii to change over time the radius Vj {(p) has yet to be another input value 
to the contact module. 

As depicted in Fig. 7 the local coordinate system for the definition of the 




Fig. 7. Definition of wheel profile and wheel radius 

wheel profile Cj is not laying in the middle of the wheel, but in the wheels 
profile itself. By changing the size of the radius rj {(p) the wheels profile in its 
locally defined coordinate system Cj is changed as a whole. 

5 Long-Term Wear Model 

The main focus of this paper is the investigation of the wear process of the 
wheelset. One aspect of this is to determine the amount of mass loss caused 
by the contact forces and slip values. In order to describe this complex wear 
process, quite a number of different wear models have been developed, see 
Kim [4], Specht [20] and Zobory [23]. The wear hypotheses and model for the 
mass loss used in this paper is presented in Sect. 5.1. 
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The second part of the wear model is dealing with the long-term effects of 
the wear. It is therefore necessary to introduce a feedback loop, such that 
the changing wheel profile is influencing the contact situation between wheel 
and rail. This influence, often also referred to as long-term behaviour, is 
happening on a very long time scale that is not accessible through direct 
time integration. 

5.1 Wear Hypothesis and Model for the Mass Loss 

The wear model developed for the use together with the contact module 
from Sect. 4 is based on the following assumptions, see Meinders [12] and 
Luschnitz [9]: 

• The amount of mass loss is proportional to the frictional power (hypoth- 
esis of frictional power) 

• The wear factor k distinguishes between mild and severe wear 

• The frictional power is determined through the contact forces acting in 
the direction of slip 

• Twisting moment and slip are not considered for the calculation of fric- 
tional power 

• The wear reduces the radius uniformly over the profiles width. It does 
not change the form of the wheel profile 

As mentioned above, the presented wear model is based on the hypothesis, 
that the loss of material Am due to wear is basically proportional to the 
friction work Wr 



Am = k Wr . 



( 12 ) 



The proportional factor k in (12) is not the same though for all values of 
frictional power. In fact measurements described by Krause and Poll [6] have 
shown that the wear factor k is suddenly increasing to a much higher value 
when a certain frictional power based on the contact area is reached. To refiect 
this characteristic also shown in Fig. 8, the wear model is distinguishing 
between mild and severe wear using the following wear parameters: 



f 7 • 10 ^ < 4 • 10 mild wear 

\ 2.1 • 10“® ^ > 4 • 10“®^ severe wear 



(13) 



The physical explanation for this sudden increase of the wear parameter k 
is also given by Krause and Poll [6]: The material surface of the wheels 
consists of a thin so-called white- itching layer, which shows a higher resistance 
against wear than the underlying base material. This white-itching layer is 
transformed out of the base material due to the wear induced impact. As 
long as there is an equilibrium between the buildup of the white-itching layer 
and the abrasive effects of wear reducing this layer, this is considered as mild 
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wear. As soon as the white-itching layer vanishes due to higher frictional 
power, the much less wear resistant base material is exposed to the wear. 
This is consequently considered as severe wear. 

As mentioned above the frictional power Pr is determined through the con- 
tact forces F acting in the direction of slip i/, that is 

P/? - Fiy . (14) 



In order to obtain the changing wheel radius the following relations 

with p as the density of the wheel material and Ai as the size of the contact 
area during the time interval ti can be written as: 

Am = p AV 

= pAi Ar((p) (15) 

Ai ^AUbi. (16) 

Hence, the changing wheel radius Ar{(p) can be expressed as 



Ar{ip) 



Am 

phi AU ’ 



(17) 



with hi and AU denoting the width and length of the contact area, as also 
illustrated in Fig. 9. 

Finally, if the wear hypotheses from (12) is used as well as the expression for 
the length of the contact zone during At^ that is AU — Vq At with Vb as the 
longitudinal speed of the wheelset, the change of the radius for the segment 
Ski of the discretized wheel surface can be expressed as 



Avki = 



kPR 
pbiVo ‘ 



(18) 
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Fig. 9. Distribution of wear over the discretized wheel surface 



5.2 Feedback of Worn Profiles in the Sense of Long-Term Wear 

The changing profiles of the wheels, that are slowly losing their original shape 
due to wear, will influence the dynamics of the system. Therefore, it is impor- 
tant to close the feedback-loop as shown in Fig. 10, such that the changing 
wheel-radius is used by the contact module. 







Characteristics of the track | 


1 


* Stiffness of the Iradt 1 

• Track irregylsfrties I 



Fig. 10. Feedback-loop of the long-term wear model 



In reality the observed phenomenon of developing out-of-round wheels nor- 
mally takes about 100.000 km in order to show measurable amplitudes of 
the wheel radius (e.g. Ar = 0,3 mm). Even recent computers are not able 
to simulate the presented model of the wheelset for a corresponding period 
of time of presumably weeks or months. Thus it is necessary to introduce a 
time lapse for the occurring wear. The scaling factor = 10.000 is enabling 
wear simulations with relevant amplitudes of the radius, such that the effects 
of out-of-round wheels on the dynamics of the system can be studied. 
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The disadvantage of the amplification of the wear is though, that single wear 
effects gain an undesirable impact. In order to balance the impact of those 
effects, the changed radii of the wheels are made available to the contact 
module in terms of an indirect feedback. This is achieved by accumulating 
the occurring wear for a number of revolutions n = 10. 

6 System and Wear Behaviour of Elastic Wheelsets 

Investigating the behaviour of an ICE 1 wheelset equipped with altogether 
four disk-brakes, the following aspects are of particular interest: Compared 
to conventional wheelsets of rail vehicles traveling at lower speed the ICE 1 
wheelset is exposed to very high rotational speeds. This is particularly inter- 
esting since the moments of inertia considerably increased after adding the 
four disk-brakes to the wheelset axle. Therefore, it is interesting to investigate 
whether the wheelset running at high speeds should be treated as a rotor, 
see Sect. 6.1. 

The essential question of this paper is the analysis of the long-term wear 
development due to different excitations. It is well known, see Morys [15], 
that even new wheelsets do not have a perfectly round shape, but already 
show some characteristics of out-of-round wheels. Thus the influence of such 
initial out-of-roundness is analysed in Sect. 6.2. 

Another form of excitation possibly effecting the dynamics and consequently 
the wear development of the wheels are the unbalances already mentioned in 
Sect. 3.3. 



6.1 Eigenbehaviour of the Wheelset 

According to the eigenmode analysis in Fig. 11, the bending modes of the 
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Fig. 11. Bifurcation of the eigenfrequencies over the rotational frequency 
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rotating flexible wheelset split into concurrent rotating and counter-rotating 
eigenmodes. This phenomenon also referred to as bifurcation of the eigen- 
frequencies clearly shows the characteristic behaviour of an elastic rotor. It 
is also clear from Fig. 11, that the torsional mode is independent from the 
rotational frequency. The speed corresponding to the rotational frequency 
range investigated in Fig. 11 is V = 0 — 300 km/h. 

6.2 Wear Development due to Initial Out-Of-Roundness 

The simulations of long-term wear showing the influence of the order of ini- 
tial out-of-roundness have all been carried out with a traveling speed of 
V = 256 km/h. The simulation time for all diagrams Fig. 12-15 together 
with the scaling factor = 10.000 (see Sect. 5.2) corresponds to the distance 
of about 73.600 km. The initial amplitude of the initial out-of-roundness is 
Ar — 0, 02 mm. Beside the excitation through initial out-of-roundness there 
are no other excitations through unbalances or track irregularities. 

The initial out-of-roundness shown in Fig. 12 can be caused by excentric 
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Fig. 12. Influence of initial first order out-of-roundness 



mounted wheels. Besides the reduction of the overall radius of about Z\r 0, 4 mm 

the amplitude is increasing up to Ar ^ 0,2 mm. It is clear from Fig. 12, that 
an initial first order out-of-roundness tends to develop into a second order 
out-of-roundness . 

In contrast to that the second order out-of-roundness as depicted in Fig. 13 
is more stable concerning its order. Even though the overall reduction is also 
about Ar ^ 0,4 mm this wear development leads to an accelerated increase 
of the amplitude up to Z\r 0, 4 mm. 

The highest overall wear of all presented diagrams is obviously caused by 
the initial out-of-roundness of third order, see Fig. 14. The overall loss of the 
radius is Ar ^ 0, 7 mm, whereas the depth of the amplitude is increasing 
slowly to Z\r 0, 1 mm. 
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Fig. 13. Influence of initial second order out-of-roundness 




Fig. 14. Influence of initial third order out-of-roundness 



The fifth order out-of-roundness in Fig. 15 shows similar characteristic as 
the second order. While the initial shape in relatively stable in shape, the 
amplitude of the out-of-roundness is increasing up to Z\r 0, 2 mm. 
Summarizing the results of the influence of different initial out-of-roundnesses 
it can be concluded that higher order out-of-roundness tend to be rather 
stable concerning their shape whereas the first order out-of-roundness leads 
to second order out-of-roundness. 



6.3 Wear Development due to Unbalances 

The initial shape of the wheels for investigating the influence of static and 
dynamic unbalances is a perfectly round wheel. As before the evolving shape 
of the wheels as shown in Fig. 16 and 17 does correspond to the distance of 
73.600 km with a speed of V = 264 km/h and without excitation by track 
irregularities. 
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Fig. 16. Wear development due to static unbalances 




Fig. 17. Wear development due to dynamic unbalances 
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According to the resulting wear development for the excitation with static 
unbalances in Fig. 16 as well as for dynamic unbalances in Fig. 17 it can be 
concluded that unbalances do only have a small influence on the wear devel- 
opment compared to the impact of initial out-of-roundness. For both types of 
unbalances the first order out-of-roundness is emerging. The diagrams on the 
right hand side of Fig. 16 and 17 show that dynamic unbalances are leading 
to a three times faster growth of the first order unroundness than the static 
unbalances. 

7 Summary 

The approach of flexible multibody systems is used to analyse the rotor dy- 
namics and the developing irregular wear of elastic railway wheelsets. The 
modeling challenge of a rotating flexible body exposed to the wheel-rail forces 
is resolved by applying the contact forces to a center-point, which is coupled 
to the wheel-rim through constrained equations. A modular wheel-rail contact 
module is integrated in the multibody system software NEWEUL/NEWSIM. 
In order to account for the appearing wear of the wheels a long-term wear 
model with a feedback loop for the changing profiles is presented. 

According to the eigenmode analysis which results in seven different eigen- 
modes of the wheelset in the medium frequency range up to 300 Hz, it is es- 
sential to consider the possible deformations of the wheelset. The influence of 
the rotational speed on the bending eigenfrequencies of the wheelset empha- 
size the relevance of treating the wheelset as a rotor. Initial out-of-roundness 
prove to have a major impact on the wear development. The growth of the 
amplitude of all kinds of out-of-roundness is remarkable. Further, the initial 
shape of second and higher order out-of-roundness are rather stable concern- 
ing their shape. Finally static and dynamic unbalances only have a minor 
influence on the wear development. 



Acknowledgment. The financial support of this work under project ME- 

928/4 by the German Research Council (DFG) is gratefully acknowledged. 

References 

1. Ambrosio, J. A.C., Gongalves, J. P.C. (2001) Flexible multibody systems with 
applications to vehicle dynamics. Multibody System Dynamics, 6(2), 163-182 

2. Claus, H., Schiehlen, W. (2002) System dynamics of railcars with radial- and 
lateralelastic wheels. Also published in this volume 

3. Kik, W., Steinborn, H. (1982) Quasistationarer Bogenlauf - Mathematisches 
Rad/Schiene Modell, ILR Mitt. 112. Institut fur Luft- und Raumfahrt der Tech- 
nischen Universitat Berlin, Berlin 

4. Kim, K. (1996) Verschleifigesetz des Rad-Schiene-Systems. Dissertation, RWTH 
Aachen, Fakultat fur Maschinenwesen 




152 



Thomas Meinders, Peter Meinke 



5. Kim, S. S., Haug, E. J. (1990) Selection of deformation modes for flexible multi- 
body dynamics. Mech. Struct. Sz Mach. 18(4), 565-586 

6. Krause, H., Poll, G. (1984) Verschleifl bei gleitender und walzender Relativbe- 
wegung. Tribologie und Schmierungstechnik 31, RWTH Aachen 

7. Kreuzer, E. (1979) Symbolische Berechnung der Bewegungsgleichungen von 
Mehrkdrpersystemen, Fortschrittsberichte VDI-Zeitschrift, Reihe 11, 32. VDI- 
Verlag, Diisseldorf 

8. Likins, P.W. (1967) Modal method for analysis of free rotations of spacecraft. 
AIAA Journal 5(7), 1304-1308 

9. Luschnitz, S. (1999) Ein Modell zur Berechnung des Langzeitverschleifles bei 
ICE-Radsatzen, Studienarbeit STUD-176 (Meinders, Schiehlen, Meinke). Insti- 
tute B of Mechanics, University of Stuttgart 

10. Meinders, T. (1997) Rotordynamik eines elastisches Radsatzes, Zwischenbericht 
ZB-94. Institute B of Mechanics, University of Stuttgart 

11. Meinders, T. (1998) Modeling of a railway wheelset as a rotating elastic multi- 
body system. Machine Dynamics Problems 20 , 209-219 

12. Meinders, T. (1999) EinfluB des Rad-Schiene-Kontakts auf Dynamik und Ver- 
schleiB eines Radsatzes, Zwischenbericht ZB- 116. Institute B of Mechanics, Uni- 
versity of Stuttgart 

13. Meinke, P., Meinke, S., Szolc, T. (1995) On dynamics of rotating wheelset/rail 
systems in the medium frequency range. Dynamical problems in mechanical 
systems IV, IPPT PAN, Warsaw, 233-244 

14. Melzer, F. (1994) Symbolisch-numerische Modellierung elastischer Mehrkorper- 
systeme mit Anwendung auf rechnerische Lebensdauervorhersagen, Fortschritts- 
berichte VDI-Zeitschrift, Reihe 20, 139. VDI-Verlag, Diisseldorf 

15. Morys, B. (1998) Zur Entstehung und Verstarkung von Unrundheiten an Eisen- 
bahnradern bei hohen Geschwindigkeiten. Dissertation, Fakultat fur Maschinen- 
bau, Universitat Karlsruhe 

16. Piram, U. (2001) Zur Optimierung elastischer Mehrkorpersysteme, Fortschritts- 
berichte VDI-Zeitschrift, Reihe 11, 298. VDI-Verlag, Diisseldorf 

17. N.N. (2000) ANSYS User’s Manual. Ansys Inc., Houston, Pennsylvania 

18. Schiehlen, W. (1997) Multibody system dynamics: Roots and perspectives. 
Multibody System Dynamics 1(2), 149-188 

19. Shabana, A. A. (1989) Dynamics of multibody systems. Wiley, New York 

20. Specht, W. (1985) Beitrag zur rechnerischen Bestimmung des Rad- und Schie- 
neverschleiBes durch Giiterwagendrehgestelle. Dissertation, RWTH Aachen, 
Fakultat fur Maschinenwesen 

21. Voile, A. (1997) Integration eines Rad-Schiene-Kontaktmoduls in die Simula- 
tionsumgebung NEWSIM, Diplomarbeit DIPL-67 (Meinders, Schiehlen, Mein- 
ke). Institute B of Mechanics, University of Stuttgart 

22. Wallrapp, O., Eichberger, A. (2000) FEMBS, An interface between FEM codes 
and MBS codes. DLR. Oberpfaffenhofen 

23. Zobory, I. (1997) Prediction of wheel/rail profile wear. Vehicle System Dynam- 
ics, 28 , 221-259 




Part III: 

Contact, Friction, Wear 




On the Numerical Analysis of the Wheel- Rail 
System in Rolling Contact 



Sabine Damme^, Udo Nackenhorst^, Anja Wetzel^, Bernd W. Zastrau^ 

^ Lehrstuhl fiir Mechanik, Technische Universitat Dresden 
^ Inst it ut fur Baumechanik und Numerische Mechanik, Universitat Hannover 



Abstract. The evaluation of the contact patch and the distribution of stress and 
strain in rolling contact requires a geometrically and materially nonlinear approach. 
The presented paper gives an overview over the theoretical background of the Ar- 
bitrary LAGRANGian-EuLERian formulation of the stationary dynamics of rolling 
bodies in elastic-elastic contact. Contact formulations for dynamic contact condi- 
tions are developed using a velocity oriented approach. The transcription into the 
Finite Element Method, which is temporarily limited to an elastic material law, 
is given. For future developments some conceptual comments for the extension for 
transient rolling contact are made. Numerical examples for three dimensional si- 
mulations including rolling over worn profiles demonstrate the applicability of the 
developed program package. A prospect of started key issues of research and deve- 
lopment finalizes the paper. 



1 Introduction 

Although railway systems are a transportation system with a long tradi- 
tion still a large number of unsolved problems exists. One of these problems 
is the assessment of the stress and strain status of the rail and the wheel 
under rolling contact conditions. Since the mechanical problem is of high 
complexity because of the contact condition and the material behavior, only 
a numerical approach seems to be appropriate. In this publication a method 
is described which has the advantage to enable the engineer to treat both the 
contact problem and material nonlinearity within one simulation tool. For 
the judgement of the applicability of other approaches such as the utilization 
of the Boundary Element Method as proposed e.g. by Kalker [3] and others 
it shall be referred to an overview article by Knothe et al. [5]. The herewith 
developed theoretical approach and numerical realization will be confined to 
elastic material, although plastic deformation of the rough surface has been 
exploited for an appropriate modelling of the normal contact condition. Nei- 
ther material deterioration nor plastic deformation or shakedown analysis will 
be treated in this paper, although the obtainable stress distribution could be 
exploited for the evaluation of the aforementioned effects, heat generation 
and wear. 

The numerical simulation of rolling contact problems goes back to the 1980s, 
when computers and computer codes for nonlinear problems started to de- 
velop rapidly. The computation of rolling contact phenomena started with 
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adaptively refined mesh 




(a) discretization 




(b) tangential surface tractions 



Fig. 1. Discretization and surface tractions for tractive rolling of an elastic ring [10] 



simplified models and used a displacement oriented description of sticking 
and sliding contact. An early important contribution treating rolling contact 
by numerical methods has been published by Padovan [14]. Other publica- 
tions in the vicinity of the authors are e.g. the PhD-thesis of Paging [6] and 
Gall [2]. From the present point of view the treatment of the contact condi- 
tions of the cited publications did not correctly take into account the strain 
gradient dependence of the tangential velocities of the contacting bodies. As 
far as the authors could find the PhD-thesis of Nackenhorst [8] was the first 
publication introducing the rolling contact condition to give exact conditions 
for sticking and sliding. 





(a) adaptively refined finite ele- 
ment mesh 



(b) pressure distribution of the initial 
and the refined discretization 



Fig. 2. Contact of an elastic disc with a rough elastic foundation [11] 
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As usual in those days the computation of contact was confined to so called 
elastic-rigid contact or contact of an elastic body with a rigid obstacle. For 
the treatment of rolling contact of a wheel on a rail several improvements of 
the contact description and the computer code had to be performed. Without 
going into detail these improvements have been: 

• introducing an adaptive refinement for an efficient detection of the con- 
tact area including a distinction of sticking and sliding (see e.g. Fig. 1) 

• extension from elastic-rigid to elastic-elastic contact 

• extension from two dimensional to three dimensional simulation with an 
improved contact algorithm including the utilization of surface roughness 
(see e.g. Fig. 2 and Willner [16]) 

Both figures underline the importance of an adequate modelling of contact 
including the treatment of sticking and sliding. The following chapters provide 
the theoretical background for an effective evaluation of the rolling contact. 

2 The Arbitrary LAGRANGian-EuLERian Approach for 
Rolling Contact 

Following the idea of a classical finite element approach for nonlinear contact 
problems the undeformed structure has to be discretized and depending on 
the required accuracy an adaptive refinement in the area of stress concentra- 
tions has to be performed. In the case of static conditions or dynamic appli- 
cations without large rigid body motions one discretization for each load case 
is appropriate. If one would apply this approach for rolling contact a couple 
of difficulties would arise. First, the wheel would have to be discretized on its 
complete circumference with a fine mesh since for high velocity a subsequent 
refinement and coarsening of the contact area is numerically not efficient. 
Second, even for stationary rolling the time integration of the rolling process 
until a stable solution is reached requires a very long part of the rail to be 
discretized as well. Third, an extremely small time step has to be chosen 
for a reasonable integration taking into account the fine discretization of the 
contact zone. At the end it is uncertain whether the obtained solution is still 
reliable or whether the numerical errors might dominate. 

An alternative method for the numerical simulation of problems with time de- 
pendent boundary conditions is the nonmaterial discretization using the Arbi- 
trary LAGRANGian-EuLERian approach (or abbreviated the ALE- approach) 
according to Nackenhorst [8] and [9]. The idea of this approach is to decom- 
pose the total deformation of the rolling wheel into a rigid body motion and 
a superimposed motion of the endpoint of the position vector into its final 
position. The first part is equivalent to an EuLERian description since the 
material is moving through the discretized area as in computational fluid dy- 
namics. The latter motion can be interpreted as a deformation of a material 
body using the LAGRANGian description. 




158 



Damme et al. 




Fig. 3. ALE decomposition of the motion 

Since the unknown deformation is relative to the EuLERian reference con- 
figuration X, this approach is sometimes called a relative kinematical descrip- 
tion. In the stationary case x is known a priori and <p is the only unknown 
field variable in the total deformation The decomposition can be written 
as the mapping of <p applied to x- 

^ = V°X- ( 1 ) 



Thus for the material time derivative also convective parts have to be con- 
sidered: 



dt 



dt 



+ Grad(...) • x- 



( 2 ) 



The velocity of a material particle in the relative kinematical description 
reads as 



V (x, i) = V {if, t)= ^ 




+ Grad y • x , 

convective velocity 



relative velocity 



(3) 



with the relative velocity describing the velocity of spatial points in relation 
to the reference configuration. The rigid body velocity of the wheel turning 
with an angular velocity 17 is 



X = 



dt 



dt 



+ XX- 

X 



(4) 



For further details concerning the ALE-kinematics of rolling contact it is 
referred to [13]. 

The so-called ALE-observer can be interpreted as travelling on the axle of 
the rolling wheel, not observing the “history of a material particle” , but the 
motion of a particle at a certain place x. 
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Advantages of this method are: 

• stationary rolling is described independent of time 

• a fine mesh zone only has to be concentrated to the contact regions which 
significantly decreases the number of degrees of freedom 

• error estimation can be applied with respect to the spatial discretization 
only 

• transient dynamics is described in space directly 

Using this description difficulties arise in the case of “material with memory” 
and the formulation of frictional contact conditions. 



3 Equations of Motion 

For a sufficient mathematical model one has to start from the equation of 
motion 

-A 

DivF + gh = g— (5) 

in the reference configuration with P being the first Piola-Kirchhoff stress 
tensor and being the imposed loads. Through the evaluation of d’ Alem- 
bert’s principle and the consideration of the dynamical boundary conditions 
one can obtain the weak formulation of the equation of motion for the rolling 
contact problem 

gh ' T]dv j T • ry dd , 

X{B) x{B) x{B) dtx(B) 

virt. work of inertia forces virt. work of internal forces virt. work of body and surface forces 

( 6 ) 

if the unknown contact stresses are treated as imposed surface loads. If the 
contact stresses are calculated as considered in Sec. 4, eq. (6) takes the form 

gh ' 7] dv — J T ‘ T]dd 

X{B) x{B) X{B) dtx{B)\dci^{B) 

—6 J {pd T ‘ s) da = 0. (7) 

dMB) 

The surface is now divided into the contact area dc'ip {B) with unknown 
contact stresses and the remaining surface dtX {B)\dc'ip (B) with prescribed 
stresses or displacements. The test function r/ can be interpreted as virtual 
displacement, which has to fulfill the geometrical boundary conditions. It has 
to be mentioned that within the ALE frame of reference r/ has the charac- 
ter of a spatial variation: the position cp (see Fig. 3) which the particles are 



/ 



^ dt 



/ 



T]dv + / P • • Grad r]dv — 



/ 



J ‘ vdv -h Grad rj dv — J 
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currently passing is varied. The dimension of the prospected contact area 
dc'tp (B) C dip (B) in the deformed configuration in not known in advance, 
but can be determined by solving the contact problem according to Sec. 4. 
Equation (7) is valid for stationary as well as for transient rolling. 

Within the ALE frame of reference special attention has to be paid to the 
calculation of the virtual work of the inertia forces, because the material 
derivative of the velocity according to eq. (2) is also considering convective 
parts: 



/ 

X(B) 





X(B) 



dw 

dt 



+ Grad v 

X 



X 



T]dv. 



Evaluating this one obtains 



(8) 



/ -Vdv = -j g{Gva,d(p- x) ■ (Gradr; -x) dv+ Jgri ■ (Grady^ • x)x • n 



dd 



X(B) 



X(B) 



dx{B) 



momentum flux 



(9) 



for the stationary case due to ^ =0, with n being the normal vector outward 
on d\ {B) in the reference configuration. For transient rolling it is referred to 



Sec. 6.1. 



4 Description of Contact 

For the evaluation of contacting bodies the weak formulation of the equa- 
tion of motion (7) has to be considered for each of them and the boundary 
conditions have to be fulfilled, which is also the case for the contact zone. A 
priori neither the contact area nor the contact stresses are known, so first the 
detection of normal contact is required. 

4.1 The Normal Contact Problem 

The normal contact problem is characterized by the prohibition of the pene- 
tration d of the contacting bodies 

d<0 (10) 

and the fact that only compressive stresses 

p > 0 (11) 

can occur in the contact zone. Because the unequalities (10) and (11) exclude 
each other, the SiGNORiNl condition 



pd = 0 



( 12 ) 
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can be introduced. Within a weak formulation eq. (12) can be transformed 
into 

6 J pd da = 0 (13) 

dc'4’{B) 

as written in eq. (7). In the literature several methods are proposed to fulfill 
this condition either exactly or approximately. Fig. 4 represents a graphical 
representation of commonly used approaches. 



15- 

constitutive relations following 
a rough surface concept: 

experimental data from Willner 
H— experimental data from Knothe/Theiler 



fictitious height of 
the asperities 



Cl. 

O 



A. 




— penalty 

- Lagrange multiplier 

^ 1 



-0.03 -0.02 -0.01 ^ 0.01 

penetration d [mm] 

Fig. 4. Constitutive relations for normal contact [11] 



0.02 



0.03 



The method of Lagrange multipliers would lead to an exact solution of the 
prohibition of the penetration, but also causes some numerical difficulties. 
Another idea is the introduction of the rough surface concept e.g. accord- 
ing to Wriggers [18], thus introducing a meso-scale constitutive law which 
requires a statistical description of the surface. The evaluation of the corre- 
sponding statistical formulation of Willner [16] leads to nonlinear pressure- 
penetration functions. Fig. 4 contains relations provided by Willner [16] and 
Knothe/Theiler [4]. 

Another appropriate means is the introduction of the penalty method using 
a linear relationship between the contact pressure p and the penetration d 

p — aNd (14) 

with the stiffness parameter ajv. The weak formulation of the normal contact 
condition (13) is now 

6 Jpdda^S J d^ da — J a^dSdda. (15) 

dc/ip{B) dc'ipiB) dc^{B) 
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For aiv -> 00 one would obtain an exact solution, but it is numerically 
unpractical to introduce the penalty factor going to infinity. Thus a certain 
penetration d > 0 of the contacting bodies has to be tolerated. 



i P 




Fig. 5. Augmented LAGRANGian formulation for the normal contact (Uzawa- 
algorithm) [13] 

For a more accurate solution without an increase of the penalty factor the 
Augmented Lagrange approach can be introduced according to Fig. 5, see 
also [15]. The violation of the geometrical constraints is minimized in an 
iterative way by using 

S Jpdda^ j a]s[ d^^^^ 6dda. (16) 

dc'ip(B) 

4.2 The Tangential Contact Problem for Rolling Contact 

The tangential contact is described on the basis of the sticking condition and 
the friction law, which is used for the distinction of sticking and sliding: 

friction law slip (17) 

sticking IZ — ||r|| — r^ax < 0 ||s|| = 0 

sliding 'R=\\r\\-Tmax=^ l|s|| > 0 

The maximum tangential shear stresses Tmax can be computed by an arbitrary 
constitutive law. 

As mentioned in Sec. 2, within the ALE frame of reference the “history of a 
material particle” is not known a priori. As the relative displacement of two 
contacting particles therefore cannot be obtained directly, the slip vector s 
has to be replaced by the slip velocity s. Accordingly, the sticking condition 
for rolling contact is defined by 



while in the case of sliding the slip velocity is given by 



( 18 ) 
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which describes the analogy between friction and non associated plasticity 
with ^ being a dimensionless parameter as well known from the literature. 
Similar to the normal contact problem the tangential contact conditions can 
now be defined by the Kuhn-Tucker condition 

||s||7^ = 0 A 7^<0 A ||s||>0. (20) 

As shown in Fig. 6 within the ALE frame of reference the sticking condition 







Fig. 6. Simplified sketch of contact requirements for the ALE formulation 

requires identical velocities at the contact point while sliding requires the 
velocities of both contacting points lying in the common tangential plane of 
both surfaces. 

Furthermore, the contact shear stresses are replaced by the corresponding 
force impact 



t2 

^ — j 



(21) 



in order to obtain the weak formulation of the tangential contact problem 



J T • ds da = j 6s) da — j A • 



(5s da, 



( 22 ) 



dMB) 

influx/outflux condition sticking condition 



dc^B) 

which for stationary rolling in component notation turns into 



J T’Ssda= J Ta6(^ da = J ^{XaSC^) da— J da (23) 

dc^P{B) dc'ip(B) dc'ip(B) 



dc'tpiB) 



with as the convective coordinates of the slip vector s, see Fig. 7. Similar 
to the normal contact problem this equation can be regularized using the 
described methods, but again it is advantageous to use the penalty method. 
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The slip velocity s is additively divided into the “sticking velocity” Sst and 
the “sliding velocity” s^/, the sticking part is then treated as follows: 



Sst = S - Ssl = A ss 0. 

OLT 



(24) 



So in eq. (23) Act can be introduced as 

Aa = -OtTmodittnv (25) 



with Cconv being the convective part of the “sliding velocity” and rriai 3 being 
the metric of the convective vectors (see Sec. 4.3). For transient contact pro- 
blems see Sec. 6. 



4.3 Kinematical Description of the Contact 

For the kinematical description of the contact some special formulations are 
necessary. The calculational datum planes of roughness are considered as 
surfaces, which implies introducing a limit value of gap for the detection of 
contact. The gap or the penetration of two contacting particles is calculated 




Fig. 7. Contact kinematics for elastic bodies (exploded view) 

by introducing a parameterization ^ of body 2 {master body) in the deformed 
configuration within the ALE representation as shown in Fig. 7: 

(^1,^2^ t) (26) 

The tangential and the normal vectors of this parameterization are defined 
by a.a and a^, rriajs is the corresponding metric. A point on body 1 {slave 
body) 

v" = i,"' t) (27) 

is observed and the corresponding target point is identi- 

fied; the overline is introduced to characterize the target point. Minimizing 
the penetration function, the penetration 

d= - (<^(^> -a„ 



(28) 
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and the slip velocities 

rria/sC^ = (vi - V 2 ) • 5a (29) 

can be calculated. For the variation of the penetration and the slip velocity, 
which are necessary for eq. (7), and for more details see [13]. 

5 The Finite Element Formulation (FEM) 

Based upon the fundamentals of the previous sections, the transcription of 
the nonlinear problem into the FEM is carried out by applying a consistent 
linearization according to [17]. The motion is incrementally formulated 

= <P + A(p (30) 

by using an isoparametric approximation 

ix, t) = n (x) If {t) (31) 

for the spatial displacement field with <p (t) being the nodal values of the 
displacement field. Then the incremental finite element equation of motion 
for stationary rolling can be obtained: 









^^( 21 ) -i_ ^^( 21 ) 










(32) 



here written for two contacting bodies i = 1, 2. The tangential stiffness ma- 
trix is calculated according to Bathe [1]. Furthermore, the ALE inertia 
matrix 






(33) 



as well as the contact stiffness matrices can be obtained according to Nacken- 
horst [13]. In eq. (33) matrix defines the relation of the convective ve- 
locity Grad<^(*^ • and the nodal values of the displacement field 
by 

Grad(^(^) (34) 

The equivalent nodal forces of body and surface loads are contained in 

and are the internal forces according to Bathe [1]. The equivalent inertia 
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forces, which are very important within the used ALE frame of reference, are 
defined as 

‘ff) = J (35) 

xW(B) 

and the equivalent contact forces as 

^fn = J il^Rn^pda and = J da. (36) 

SMB) dcHB) 

The system of equations of motion (32) is then treated with an iterative algo- 
rithm, e.g. the Newton-Raphson scheme, to find the equilibrium solution 
for the system. The calculation of the contact itself is carried out within a loop 
over all elements of the slave group (see Sec. 4.3): the corresponding points 
of the master elements are identified and their contributions are calculated. 
For the distinction of sticking and sliding special attention has to be paid to 
the used ALE frame of reference. As introduced in eq. (21), the tangential 
contact stresses are substituted by the corresponding force impact . In 
the case of sticking the contact shear stresses are not calculated a priori. In 
[13] Nackenhorst therefore proposes an explicit predictor-corrector algorithm, 
where the force impact is calculated in order to obtain the equivalent 

contact forces and contact stresses for the distinction of sticking and sliding. 



6 Numerical Analysis of Transient Rolling Contact 



6.1 Fundamentals for Transient Rolling 



For the analysis of transient rolling contact problems it is important to con- 
sider the effects of the dynamical behavior of rotating bodies. Thus a full 
dynamical analysis of the problem is necessary. For transient rolling one can 
again start from the equation of motion (5) and obtain eq. (7), which is valid 
for all cases of non-stationary rolling. Special attention has to be paid to the 
contribution of the virtual work of the inertia forces (eq. (8)), where again 
the time derivative of the velocity (see eq. (3)) of a material particle in the 
relative kinematical basis is as follows: 



dv , , av 



-h 2 Grad ^ 
at 



X + Grad (Grad ^ ■ x) ' X- (37) 



This equation contains gradients of second order for stationary as well as for 
non-stationary rolling (see eq. (8)). This demands a (7^ -finite element appro- 
ximation, but opposite to stationary rolling all contributions of eq. (8) have 
to be considered since ^ is no longer equal to zero. Applying a transcrip- 
tion of this equation according to Nackenhorst [13] leads to a formulation 
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with gradients of first order only, which is sufficient for a C^-finite element 
approximation, 



xm X{B) 



dt 



• ry - V • Grad r] • x 



dv j QT] ' vx ' A dd. 

dx{13) 



momentum flux 



(38) 



For the contact term transformations are also necessary, which altogether 
can be transformed into an incremental finite element formulation for the 
transient rolling contact problem for each body i. 



tQ{i) 















(39) 



For the calculation of the matrices as well as for the contact 

stiffness matrices see Sec. 5, is the mass matrix and the gyroscopic 
matrix containing contribution from Coriolis forces. contains all 

forces including the contact forces. 



6.2 Classification of Irregularities and Mechanisms of Excitation 

Transient rolling demands the development of new solution methods and in 
order to choose the appropriate calculation method the irregularities have to 
be classified. For the treatment within the FEM three kinds of irregularities 
are distinguished by characterizing the surface irregularities by the parame- 
ter L — ^ according to Fig. 8, which is the wavelength of the disturbance 
divided by a typical measure of the contact patch, e.g. the width a. 




Fig. 8. Dimensions of irregularities and contact patch [5] 

First, there are excitations in the high frequency range with L < 0.1. This 
might be the case e.g. for travelling over surface roughness. The changes take 
place very fast and thus no reasonable macroscopic dynamic reactions can be 
identified. In this case the modal superposition is a promising approach, where 
the solution of the stationary rolling contact problem is frozen and taken as 
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initial configuration. Therefore only small relative deformations have to be 
considered. 

The same is the case for the treatment of excitations in the low frequency 
range (L > 20), which might appear when the wheel is travelling across 
sleepers, then the rail changes its curvature due to loading. It should be 
mentioned in this context, that for the application of the modal analysis it is 
necessary to use suitable eigenvalue solvers for the treatment of unsymmetric 
matrices which are currently developed. 

But most of the difficulties arise when the size of irregularities is of the same 
order as the size of the contact patch (0.1 < L < 20), e.g. in the case of short 
pitch corrugation. Massive dynamic reactions have to be noticed as well as 
varying wheel loads and therefore a time-dependent gap function, e.g. 

Vt^ (40) 

can be introduced in order to simulate these irregularities. Typical values 
for rails with reasonable short pitch corrugation are L = 2 — 10 cm for the 
wavelength, and = 50 — 300 pm for the amplitude of the irregularity. 
Additional nonlinear reactions within the contact zone appear, which are of 
the same order of magnitude as the static approach of the contacting bodies. 
Thus direct time-step integration procedures are necessary. The well known 
Newmark scheme is proposed. 



9(t) 



1 

^0 I 1 - COS -T- 



6.3 Transient Formulation of the Contact Conditions 



For a transient analysis again the penalty approach according to Sec. 4.2 is 
used, the equation for the components of the force impact vector from eq. 
(25) now turns into 

Aa = -armocH [trel + CLnv') > (41) 

with Cfe/ and tconv being the relative motion and the convective part of the 
slip velocity in the convective frame of reference respectively [13]. The values 
of are calculated from eq. (29). The virtual work of the time dependent 
change of the tangential force impact in eq. (23) 



/ 

dcH^) 



dt 



da 



dcH^) 



— OLTrrial3 



dt 



6C da 

X 



(42) 



has to be considered. The contact stiffness matrices and the equivalent contact 
forces are now calculated as discussed in Sec. 5. It should be mentioned that 
the contacting bodies are now coupled by the mass and gyroscopic matrices, 
unsymmetric matrices are the consequences which have to be treated with 
implicit integration procedures. 
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7 Numerical Results 

Numerous parameter studies have been carried out during the project for 
free rolling in order to obtain the contact stresses in normal and tangential 
direction. These data are fundamentals for the investigation of friction and 
wear. Here the results for a wheel S1002 and a rail UIC60 shall be provided. 




Fig. 9. FE discretization of the wheel-rail contact [12] 

The wheel has a diameter of approximately 1.2 m, the contact zone has a size 
of approximately 2 cm?. A suitable finite element discretization as shown in 
Fig. 9 is chosen. Because of the used ALE frame of reference the fine mesh 
can be concentrated to the explicit prospected contact region (see Sec. 2). 
Details of the discretization are shown in Fig. 9. 

Linear elastic material behavior has been assumed with E — 210 GPa and 
u = 0.3. The contact conditions of wheel and rail are characterized by the 
geometry at the contact point. In general, the lateral wheel position on the rail 
is not fixed to the center line. Thus parameter studies for different laterally 



R= 00 



initial contact pairs 



radii of 
curvature 

lateral 
shift in mm 




distance from center of the rail head 
-40^0 0^0 20^0 4^0 y [mm] 



Fig. 10. Parameter definition of the contact setup, radii of curvature 
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Fig. 11. Comparison of the position of the contact patches dependent on the va- 
riation of the lateral shift 



lateral shift 


p(90) 


(90) 


^Hertz(90) 


[mm] 


[MPa] 


[MPa] 


[MPa] 


-3,0 


824,6 


442,9 


1243,8 


-1,0 


849,6 


490,1 


989,3 


0,0 


809,7 


441,2 


981,2 


1,0 


549,3 


302,2 




2,0 


675,2 


385,3 


1520,0 


3,0 


840,9 


481,3 


1575,8 


4,0 


865,8 


488,6 


1448,4 


5,0 


630,3 


323,6 





Table 1. Scaled values of stresses for free rolling 

shifted positions of the wheel as shown in Fig. 10 were carried out. For a 
velocity v = 200 km/h and a wheel load of approx. 90 kN the contact patches 
are shown in the overview in Fig. 11. The maximum values for the contact 
pressure and the v. Mises stresses are compiled in table 1, which additionally 
contains the corresponding HERTZian solutions. 

The following can be noticed: 

• due to the application of a nonlinear finite element model the numerical 
solutions differ significantly from the HERTZian solution 

• the maximum contact pressure is overestimated by the HERTZian theory 

• for some constellations no corresponding HERTZian solution can be found 
due to the curvature at the initial contact points 

This can be explained by the nonlinear FEM which takes into account all 
geometrically nonlinear effects, e.g. the local change of the radii of curvature 
at the contacting points due to loading. The convergence of these radii e.g. 
leads to larger contact patches and smaller maximum contact pressures. The 
same is the case due to decreased stiffness in the contact area caused by the 
considered surface roughness. 

It has to be noticed that between a lateral shift of —1mm and H-2mm a 
change of the point of the maximum contact pressure takes place. The “main 
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Fig. 12. Surface traction distribution for an unshifted situation (lateral shift 
±0 mm) 

contact point” moves to an area with a different curvature, so for a situation 
without a lateral shift two maxima of contact pressure occur as shown in 
Fig. 12. For a lateral shift of +5 mm the same seems to be the case, and 
it has to be mentioned, that due to the fact of the curvature of the wheel 
being larger than the curvature of the rail no corresponding HERTZian contact 
ellipse can be found. 

Furthermore, in Fig. 12 and 14 the distributions of lateral and longitudinal 
shear stresses are given, where the longitudinal stresses show the expected 
antimetric shape, but the values seem to be negligibly small. 




Fig. 13, V. Mises stresses {(Tv) for a lateral shift ±0mm 
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Fig. 14. Surface traction distribution for a lateral shift +4 mm 



With a coefficient of friction of /x = 0, 15, full sticking can be assumed for 
all analyzed cases. The V. Mises stresses for the lateral shift of ±0mm are 
shown in Fig. 13. As expected for the traction free case the maximum appears 
inside the bodies at a location near to the surface. 
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Fig. 15. Comparison of the contact pressure distribution for different worn profiles 
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For a lateral shift of +3 mm and +4 mm one obtains solutions which are quite 
similar to the HERTZian solution, which corresponds well with the results 
provided by Le The [7]. The contact stress distribution for +4 mm is given 
in Fig. 14. The results for this lateral shift also cover the influence of generic 
wear patterns of triangular shape and trapezoidal shape, see Fig. 15. Since 
the position of the maximum wear has been assumed under the position 
of the maximum pressure, the contact area will increase thus reducing the 
maximum contact pressure. But this is only a numerical result for this special 
setup and can not be generalized. 

To model the real contact it will be necessary to take into account additional 
surface irregularities such as short pitch corrugation, as mentioned in Sec. 6. 

8 Conclusion and Outlook 

The presented numerical results for the rolling contact situation underline the 
importance of an adequate modelling of the correct contact situation since a 
shift of the center plane of only 1 mm can change the contact patch as well 
as the distribution of stress and strain in the vicinity of the contact patch 
significantly. So far only free rolling on a straight track has been analyzed 
thoroughly. Since no constitutive relation for the dependence of the shear 
stresses from the slip velocity is available, up to now only sticking using 
the penalty approach has been simulated. The program code nevertheless is 
capable for the superposition of spin motion and two point contact. 

In cooperation with the other members of the working group “contact, friction 
and wear” a constitutive model for tangential contact conditions of rough 
surfaces and a material description taking into account the plastic behavior 
of the used steel shall be developed next. With sufficient progress in these 
fields, additional parameter studies of more advanced running situations will 
be performed. 

The transient rolling situation requires intensive additional research as well 
as considerations about a reliable error analysis and an efficient adaptive 
finite element technique. In the next years the provided method can econo- 
mically be applied for specific contact situations only. Nevertheless this is an 
appropriate means to explore the confidence range of various approximate 
methods for the real time analysis of running trains. 
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Abstract. As part of an extensive study exemplary results of the basic examina- 
tions which were carried out within this project, transmission electron microscopic 
(TEM) investigations of the microstructure of a cyclic loaded rail steel and the de- 
formation and lifetime behavior of a cyclic loaded wheel steel are represented. For 
the TEM investigations specimens are worked out of the head of unused rails. With 
these specimens push-pull tests under several loading conditions are carried out. 
After failure foils are taken from the gauge length to perform TEM investigations 
to determine the appearing dislocation structure in the ferritic phase of the pearlite. 
Additionally the observed dislocation structures are compared with that one found 
nearby the surface of a used rail taken from a high speed track and that one found 
in unused rails in the as-received condition. To investigate the cyclic deformation 
and lifetime behavior of a wheel steel specimens were worked out from several 
layers of the rim of a monobloc wheel, grade R7, used in high speed trains. Due 
to the heat treatment at the end of the manufacturing process there are different 
microstructures within several regions of the wheel rim. The specimens represent 
these different microstructures. Stress controlled fatigue tests are performed with 
these specimens. The cyclic deformation behavior, the lifetime behavior and the 
endurance limit are deduced from push-pull tests. The influence of the different 
microstructures on the deformation and lifetime behavior is discussed. 



1 Scope of the Project 

The intention of the project is to improve the basic understanding of the ma- 
terial behavior under the specific loading conditions of the system wheel / rail 
on the one hand and to enhance substantially the description of the loading 
capacity of the concerning materials on the other hand. With that, the still 
existing gaps in the knowledge on the failure mechanisms of rolling contact 
fatigue should be reduced and the conditions for a safe and economical di- 
mensioning of components of the wheel/rail system should be improved. By 
comparison of the microstructure arising in defined loaded specimens with the 
one found in the highest loaded areas of various service loaded components 
conclusions on the loadings which actually appeared in operation get possi- 
ble. With that, the possibility arises to correlate the results from fundamental 
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or mechanisms orientated experiments with the results from technological or 
lifetime oriented experiments as well as with the knowledge from the exam- 
ination of service loaded components. The research project concentrates on 
two primary objectives: 



• By specific light and electron microscopic examinations of the high loaded 
areas of used wheels and rails the microstructure resulting from the ser- 
vice load was determined. Typical areas of wheels and rails which were 
rejected from service because of macroscopic damages were analyzed. Par- 
allel to this, specimens which were taken from new wheels and rails of the 
corresponding materials were investigated after various cyclic loadings. 
Thereby, the imposed loading was varied in steps from uniaxial homo- 
geneous via uniaxial inhomogeneous to multiaxial inhomogeneous. Sup- 
plementary, rolls which were loaded in a special rolling testing device at 
the Institut fur Maschinenkonstruktionslehre at the Universitat Magde- 
burg were included into the examinations. The microstructural states of 
these specimens were compared with the ones found in the service loaded 
components. 

• The cyclic deformation and failure behavior of typical materials states 
Of characteristic wheel and rail materials was determined using differ- 
ent loading conditions. At first, the material reaction and the result- 
ing microstructure was determined using uniaxial homogeneous tension- 
compression loading without and with superimposed mean loads. Thereby, 
nominal stress control as well as total strain control was realized. Af- 
ter that as intermediate steps experiments with inhomogeneous loading 
(cyclic bending) and biaxial loading (cyclic torsion) were carried out. Fi- 
nally, with an inhomogeneous multiaxial loading (local Hertzian pressure 
without and with additional shear stresses in the contact zone) the ser- 
vice loading conditions appearing in the rolling wheel/rail contact was 
further approximated. The damage and the lifetime behavior as well as 
the developing microstructure were identified for all loading conditions 
investigated. 

In the following transmission electron microscopic investigations of the mi- 
crostructure of a cyclic loaded rail steel (Section 2) and the deformation and 
lifetime behavior of a cyclic loaded wheel steel (Section 3) are represented 
as some exemplary results of the basic examinations. More information espe- 
cially concerning the cyclic deformation, the damage and the lifetime behavior 
of a rail steel are included in the publications [1-7]. The experiments with 
Hertzian pressure and additional sheer loading in the contact zone are not 
completed yet. The results of these experiments will be published at a later 
time together with some finite elements calculations which still are carried 
out at the Institut fiir Baumechanik und Bauinformatik of the Universitat of 
Dresden. 
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2 TEM Investigations of the Microstructure of a 
Cyclic Loaded Rail Steel 

2.1 Materials and Testing Specimens 

The 60 kg/m rails specified as “UIC 60 900 A“ and used in these investi- 
gations are made of a standard carbon steel and were produced by Thyssen 
Stahl AG in conformity with UIC 860 V. One of them has been used in a com- 
mercial high speed railway line having a mixed accumulated service tonnage 
consisting of high speed and heavy load traffic. The other one was unused in 
the as received condition. Samples of the used rails were collected from the 
regions being highly stressed by rolling contact. From the unused rails sam- 
ples have been taken from similar regions. Additionally solid round specimens 
were worked out from the head of unused rails. With these specimens total 
strain- controlled fatigue tests were performed at room temperature using a 
Schenck 100 kN servohydraulic testing machine. These tests were performed 
at i7e = — 1 with a triangular waveform, at total strain amplitudes of 0.18 % 
and 1 %. Under total strain control the fatigue limit at a survival probability 
of 50 % is 0.18 % [4], determined by the staircase method [8]. The specimen 
investigated has reached the ultimate number of cycles {N = 2 • 10®) with- 
out failure. At Sa,t = T0% the specimen failed at Nf — 831 cycles. These 
two amplitudes were chosen to generate different amounts of plastic defor- 
mation. In general the deformation behavior of the rail steel is characterized 
by cyclic softening followed by cyclic hardening as it is typical for normalized 
ferritic-pearlitic microstructures [6,9]. At Sa,t = 1*0 % the maximum plastic 
strain amplitude was 0.66 %. Remarkable is the fact that even at 8a, t = 0-18 
% where the specimen did not fail within 2 • 10® cycles a maximum of the 
plastic strain amplitude of 8a,p= 0.01 % was found [9]. 

For TEM analyses, the gauge sections of the fatigued specimens were sliced 
along the transversal direction. All the TEM specimens were prepared by 
mechanical thinning and then jet polishing using a Struers, “A8“, electrolite. 
The chemical composition and mechanical properties of the rail steel are 
summarized in Tabels 1 and 2. The steel has a fully pearlitic microstructure 
with MnS inclusions elongated along the rolling direction due to the hot 
rolling during the manufacturing process. The pearlite structure consists of 
colonies of alternating parallel layers of ferrite and cement ite. Ferrite has 
a body centered cubic (bcc) structure with small amounts of carbon and 
substitutional elements in solid solution. The cementite is nearly pure FesC. 
The interlamellar spacing varies between 157 and 209 jmi. It was measured 
using the method of G.F. Vander Voort [10] and corresponds to a medium 
interlamellar spacing of an pearlitic steel with a mean hardness of 280 HV 10. 

2.2 Results 

Fatigue is an important mechanism of failure in rail steels. It is known that 
for pearlitic normalized steels, as they are used for rails, fatigue can already 
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Table 1. Chemical composition of the rail steel “UIC 60 900 A“ [wt.-%] 



C Si 


Mn P S Cu Cr Ni Mo 


Co 


0.677 0.234 


1.054 0.022 0.009 0.131 0.108 0.041 O.OOS 


1 0.005 


Al, Ti, Sn, Mg, Ta, V, Nb, B, W < 0.005 


Table 2. Tensile properties of the rail steel “UIC 60 900 A“ 


Yield strength 
Kpo .2 [MPa] 


Tensile strength Elongation A Reduction in 
R,„ [MPa] [%] area Z [%] 


Hardness 
[HV 10] 


506 


922 14 18 


280 



take place at loadings lower than the monotonic yield strength. It is also 
generally known that the cyclic properties depend on the loading conditions. 
This dependence is caused at the microscopic scale by typical changes in the 
dislocation structures [11,12]. Therefore it is necessary to have knowledge 
about the microstructure after defined cyclic loading. Typical examples of 
TEM micrographs of the unused rail steel are shown in Figure 1. Within 
the ferrite lamellae the dislocations are uniformly distributed and arranged 
in some kind of networks, except near to the cementite lamellae interface. 
The dislocation density is about 2.5 ♦ 10^. It seems to be relatively high for 
an unloaded state. The interface between the ferrite and cementite plates 
are very sharp. Some dislocations in the ferrite are arranged parallel to the 
interface (Fig. 1 (b)). This configuration was only found in the unused state. 




Fig. 1. ( a) Overview, (b) Dislocations paralell to interface, (c) Dislocation- 
“networks “ 
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Figures 2 show some typical dislocation structures of the specimen loaded 
2 • 10^ cycles without failure at 6a, t = 0.18 %. On average the dislocation 
density is about 6-10^ and thus approximately as high as in the unused 
condition. However, the interfaces between ferrite and cementite are no longer 
sharp. Only a few dislocation cells were found. Some dislocations inclined at 
an angle of about 45^ to the cementite plates can be seen in Fig. 2 (c). 




Fig. 2. (a) Overview, (b) Unsharp interfaces, (c) Inclined dislocations 



In the specimen loaded at 1.0 % total strain amplitude (N/ = 830) a dislo- 
cation structure with a significant higher dislocation density is observed. As 
shown in Fig. 3 (a), (b) and (c) the dislocations are often arranged in a kind 
of cell structures. Dislocation walls located perpendicular to the cementite 
plates are forming the cells and determine the cell sizes. The cell walls are 
not packed very tightly (Fig. 3 (c)). The regions inside the cells seem to be 
largely free of dislocations. In other regions a diffuse dislocation structure 
(Fig. 3 (d)) with a significantly higher dislocation density than in the un- or 
low loaded states was oberved. 

In samples taken from the used rail the dislocations are arranged in diffuse 
networks as well as in cells. Like in the highly stressed state the cells are 
formed by dislocation walls which are built up between cementite lamellae 
and wide regions free of dislocations between the walls (see Fig. 4 (a) - (c)). 
Obviously, the interfaces between ferrite and cementite which are sharp in 
the unused state (see Fig. 1) become somewhat diffuse during service loading. 
In addition some broken cementite lamellae were observed (Fig. 4 (d)). 

2.3 Discussion 

One reason of the conspicuous high dislocation density of the unloaded rail 
could be the roller straightening which is the last step in the production route 
of a rail [13]. There the cooled, distorted rail passes through a straightening 
machine with a series of rollers. While the rail is moving through this rollers. 
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C) d) 



Fig. 3. ( a) Overview, (b) Dislocations walls / cells, (c) Dislocations walls /cells, 
(d) Diffuse dislocation structure 

which are located alternately below and above the rail, it is bent up and down 
and locally plastic deformation takes place [13]. The dislocation structure of 
the used rail is completely different to the one of the unused rail. In the un- 
used state no dislocation walls and no broken cement ite lamellae are found. 
But in the used state those structures have been found. Obviously the devel- 
opment of such structures is caused by the loading due to the accumulated 
traffic. This confirms to the observations of [14]. The blurred development of 
the ferrit-cementite interfaces is caused by the presence of dislocations near 
these interfaces. Therefore, it characterizes the grade of plastic deformation. 
For the unused rail the interfaces images are sharper than for the used rail. 
It is postulated that the dislocations are generated more easily in the soft 
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c) d) 



Fig. 4. (a) Overview, (b) Dislocation cells, (c) Dislocation cells, (d) Broken cemen- 
tite lamellae 



ferrite matrix than at the ferrite-cementite interfaces and that the disloca- 
tions along the interfaces are formed during cyclic deformation [9,14]. The 
driving force for cell formation is a certain amount of accumulated plastic 
strain [14]. Dislocations seem to move back and forth annihilating each other 
or setting down in an array. Both processes decrease energy to an amount 
lower than the energy state of a random dislocation distribution. This pro- 
motes cell wall formation, which is regarded as a thermally activated dynamic 
recovery process. The interlamellar spacing is expected to influence cell for- 
mation, because the free slip distance depends heavily on the spacing. As 
the interlamellar spacing increases cell formation becomes more likely. Ob- 
viously the stress fields which are combined with the pile up of dislocations 
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influences neighbouring ferrite lamellae across the cementite lamellae. So dis- 
location walls lying in one line over a couple of lamellae could be observed. 
It can be seen that increases in dislocation density and development of cell 
structure gradually becomes prominent with increasing cyclic loading. In the 
high loaded state the cell walls are packed more tightly and the regions in 
between the walls are almost free of single dislocations. These observations 
are also made by [9,14,15]. 



2.4 Conclusions 

For a high and a low loaded rail steel a difference in dislocation structure was 
observed. In the high loaded state a typical structure consisting of cells formed 
by dislocation walls and dislocation free regions in between are detected in 
the ferritic lamellae. Those structures could not be found in the low loaded 
state. In the used rail frequently dislocation structures similar to the one of 
the high loaded specimen are observed. But there are also regions with diffuse 
dislocation networks which correspond to the low loaded state. Comparing 
the results of this investigation with the ones reported in literature, it is 
important to know that there is an influence of the specimen preparation, 
the used TEM microscope and the kind of measurement of the interlamellar 
spacing. Taking into account these influences the results reported here fit well 
to the results reported in the literature. 

3 Deformation and Lifetime Behavior of a Cyclic 
Loaded Wheel Steel 

For the last decades the accumulated service tonnage, the load of the rails 
and the train speed at Deutsche Bahn AG lines are increasing, causing some 
unexpected technical problems like corrugation, shelling and squats. To un- 
derstand the complex phenomena of rolling contact fatigue in the rail/ wheel 
system extensive investigations have to be done to describe the multiaxial 
rolling contact fatigue processes and to develop and verify multiaxial fatigue 
criteria and lifetime predictions. For these considerations a reliable fatigue 
data base of the utilized steels is required. To obtain such data, specimens 
were worked out of wheel rims used in high speed train wheels. With these 
specimens the lifetime behavior and the endurance limit are deduced from 
push-pull tests. 

3.1 Material and Testing Specimens 

The investigated wheel steel specimens were machined from the wheel rim 
of a monobloc wheel, grade R 7, manufactured by VSG Bochum. The heat 
treatment of the wheel is as followed: The whole wheel is austenitized and 
then only the wheel rim is quenched with water. Finally the whole wheel is 
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tempered at a minimum temperature of 500 ^C. Unfortunately no more de- 
tails about the heat treatment are available as these information are producer 
know-how. The wheel rim is a thick- walled component, so this heat treatment 
leads to a decreasing cooling gradient with increasing distance from the sur- 
face causing different microstructures within several regions of the wheel rim. 
Typical examples for the occuring microstructures are shown in Fig. 15. Near 
the surface up to a depth of about 2 mm a tempered martensite is found, 
which consists of a ferritic matrix including fine distributed cementite phase. 
In a depth of about 8 mm the microstructure contains ferrite, pearlite and 
bainite. In a depth of about 30 mm no more bainite is found and the mi- 
crostructure consists of ferrite, pearlite and Widmannstatten structure. In 
deeper regions the Widmanstatten structure disappears and the grain size 
and the volume fraction of ferrite grows. Corresponding to the determined 
microstructure the hardness decreases from 290 HV 10 near the surface to 
250 HV 10 in the middle of the wheel rim. As the microstructure changes 
continuously with distance from surface and also depends on the circumfer- 
ential position of the wheel rim the various boundaries of the microstructure 
are difficult to locate. Solid cylindrical specimens were machined from the 
wheel rim with specimen axis parallel to the wheel axis, as shown in Fig. 16. 
The gauge sections contain the microstructures as follows: layer I: tempered 
martensite, layer II: ferrite, pearlite, bainite, layer III: ferrite, pearlite and 
Widmannstatten structure, layer IV: ferrite and pearlite. The specimens have 
a gauge length of 15 mm and a diameter of 7 mm in the gauge length. The 
results from measurements of the chemical composition and from tensile tests 
are given in Tables 3 and 4. 



Table 3. Chemical composition of the wheel steel, grade R7 (wt.-%) 



c 


Si 


Mn 


Cr 


Ni 


0.541 


0.268 


0.772 


0.238 


0.149 



3.2 Experimental Details 

The specimens were loaded in push-pull tests on a Schenck 100 kN servo- 
hydraulic testing machine. Single-level stress controlled tests were performed 
in a loading range between 300 and 700 MPa. The loading cycle type was 
triangular. The specimens were tested at ambient temperature at a constant 
frequency (depending on the load) between 1 and 30 Hz. Testing was con- 
tinued until either fracture occurred or 2 • 10® cycles without failure were 
reached. 
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Table 4. Mechanical properties of the wheel steel, grade R7 





Layer I 


Layer II 


Layer III 


Layer IV 


HeH [MPa] 


634 


570 


533 


490 


ReL [MPa] 


620 


540 


500 


480 


[MPa] 


880 


866 


857 


836 


A[%] 


> 26 


> 26 


> 26 


> 26 


Z[%] 


> 44 


> 42 


> 41 


> 38 



Pearlite and Ferrite 



Pearlite, Ferrite and 
Widmannstatten Structure 



Pearlite, Ferrite 
and Bainite 



Tempered Martensite 




Fig. 5. Different microstructures in the wheel rim 
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Fig. 6. Sampling of specimens 

3.3 Results and Discussion 



Cyclic Deformation Behavior. As the specimens are machined from dif- 
ferent layers (indicated in Fig. 16) their cyclic deformation behavior corre- 
sponds to the different microstructures found in the gauge length. Figure 17 
shows the deformation behavior of specimens taken from layer I. The chosen 
stress amplitudes yield characteristic behavior. With increasing stress am- 
plitude the plastic deformation starts earlier, leads to higher plastic strain 
amplitudes and the lifetime decreases. The deformation behavior of speci- 
mens taken from layer III, see Fig. 18 at the same selected stress amplitudes, 
is quite different. Comparing the two selected layers it can be seen, that for 
similar stress amplitudes layer III is characterized by an earlier plastic defor- 
mation and larger plastic strain amplitudes. The cyclic deformation behavior 
of the several layers for a selected stress amplitude is shown in Fig. 19 and 
19. The cyclic deformation behavior can be examined in the best way by a 
stress amplitude in low cycle fatigue range. The plastic strain amplitude ea,p 
versus number of cycles N, at 550 MPa stress amplitude, is plotted in Fig. 19. 
Layer I is characterized only by cyclic softening as it is known for a quenched 
and tempered microstructure [16- 19]. Curves of layers II,III and IV are sim- 
ilar, characterized by cyclic softening followed by cyclic hardening, typically 
for normalized ferritic-pearlitic microstructures [9,20]. Furthermore it can be 
seen that with increasing distance from surface cyclic softening starts earlier 
and leads to higher plastic strain amplitudes, due to the decreasing amount 
of bainite and the increasing content and grain size of ferrite. An increasing 
ferritic content combined with an increasing grain size of ferrite favors gen- 
eration and movement of dislocations, enhancing cyclic plastic deformation. 
The relationship between the mean strain Sm,t and the number of cycles N is 
shown in Fig. 19. There is also a good correlation to the microstructures in 
the different layers. The deeper the layer the earlier cyclic creep starts and 
higher mean strains are induced due to the same reasons as explained above. 
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Fig. 7. Development of the plastic strain amplitude for specimens taken from layer I 




10 ° 10 ' 10 ^ 10 ° 10 ^ 10 ° 10 ° 10 ^ 

N 



Fig. 8. Development of the plastic strain amplitude for specimens taken from 
layer II 
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Fig. 10. Cyclic creep of the several layers 
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Lifetime Behavior. The different microstructures of different layers influ- 
ence also the lifetime behavior as can be seen in Fig. 20. The endurance limit 
and the lifetime behavior in the high cycle fatigue range correspond to the 
determined cyclic deformation behavior. As with increasing distance from 
wheel surface plastic deformation and cyclic creep starts earlier and leads to 
higher mean strains and higher strain amplitudes the fatigue limit of these 
specimens decreases. But at higher stress amplitudes e.g. at aa= 600 MPa 
there is nearly no influence of the different microstructures on the lifetime 
behavior. 




Fig. 11. Stress amplitude versus number of cycles to fracture of the several layers 



3.4 Conclusions 

Near the surface of a wheel rim a quenched and tempered microstructure 
is found changing continuously to a normalized microstructure at deeper re- 
gions. The specimens machined from the wheel rim contain these different 
microstructures. They influence the cyclic deformation behavior, the cyclic 
creep and the lifetime behavior. With increasing distance from surface the 
cyclic softening and cyclic creep starts earlier and leads to higher plastic strain 
amplitudes, and mean strains, while the fatigue limit decreases. Furthermore 
it was observed that cyclic deformation and lifetime behavior depends on 
the circumferential position. For similar distance from surface different cyclic 
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deformation behaviors have been observed, complicating systematic investi- 
gations. Obviously the actual heat treatment leads to an inhomogeneous and 
complex microstructure in the wheel rim. During long term service the wheel 
rim radius decreases as a consequence of wear and mechanical post process- 
ing, meaning that with increasing service time deeper layers, up to layer III, 
get in contact with the rail. All theses facts must be taken into account to un- 
derstand the materials behavior under cyclic loading and to estimate fatigue 
life which should be the basis for a lifetime prediction. 
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Abstract. Theoretical and experimental examinations of the tractive rolling con- 
tact are reported. The two roller contact is selected as the testing principle for 
friction and wear examinations to simulate the wheel-to-rail contact. The first part 
of the paper presents a computation model for describing the traction-creep beha- 
viour under solid friction conditions. Methods of mathematical statistics are used 
to model the surface roughness. The deformation component of the friction force 
is calculated considering measured load-indentation depth curves. The adhesion 
component is determined by using the shear strength approach. Wear tests were 
performed on a new designed test machine. The wear volume rise turned out to be 
proportional to the increase of the acting pressure and the creep between the rollers. 
Raising the circumferential speed of the test rollers caused a reduction in the wear 
volume. A significant wear decrease at the driven rail rollers could be achieved by 
periodically reversing the direction of the acting friction forces. Examinations as 
to the extent to which theoretical results can be applied to practice, reveal a good 
correspondence. 



1 Tasks and Objektives 

Friction and wear of the wheel/rail system inflence the running performance 
of rail vehicles and the life of system components. A more realistic prevision 
about the wear behaviour of wheels and rails require further investigations 
into friction and wear behaviour within the wheel-to-rail contact. With a 
better understanding of the causes (friction) it will be possible to put the 
right construction on the effects (wear) and effectively counter damage to 
system components. 

The present paper is aimed at developing a general computation model 
suitable for determining the traction coefficient between wheel and rail as 
well as its dependency on creep by using an appropriate model. In addi- 
tion, this paper focussed on wear forecasts. To this end, the behaviour of 
the wheel and rail material will be experimentally analysed under various 
operating variables. Subsequently, the test data will be used to establish the 
wear-specific friction work wj = Wf/V^ from the quotient of friction work 
and wear volume. After the friction work Wf = ft Fn Sf with the traction 
coefficient ft^ the normal force and the friction distance Sf has been cal- 
culated for the specific application, the wear volume can be determined 
if the wear-specific friction work Wf is known. 




Traction coanciant i. 
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Moreover, an attempt will be made to contribute to the application of results 
obtained from a model test bench to practice. To this end, wear results ob- 
tained from model tests will be compared with the values of a real wheel/rail 
system. 

2 Two Roller Model 

As an appropriate model for analysing friction and wear processes a 
roller/roller system has been chosen since such model is ideally suited to si- 
mulate kinematic and kinetic conditions occuring in a wheel-to-rail contact. 
In additon, predefined test parameters can be complied with. In order to 
ensure the comparability and the applicability of the results obtained from 
the two-roller test bench to the wheel-to-rail contact we employed identical 
materials, applied the same state and type of friction, observed a comparable 
contact ratio, used similar operating variables (pressure, creep, type of mo- 
tion) and gave due consideration to identical wear mechanisms and forms of 
wear. 

3 Calculation of Friction 

3.1 Tract ion-to- Creep-Behaviour 

The transmissible tangential force Ft and the traction coefficient 
ft = Ft I (/ Fn) as a function of the creep S = (ri uji — T2 (^2) / (^i oji) with 
the roller radius ri and r2 and the angular velocities of the rollers uji and 
(j02 can be calculated for the two roller contact by using Eq. (I) as suggested 
in [1] if the reduced radius R* = ri V2/ {ri + r2) and half the contact width 
a as well as the friction coefficient / of the two roller contact are known 
(Fig.l). The friction coefficient / can be determined from the ratio between 
the maximum possible tangential force (friction force Ff) occuring under the 
condition of complete sliding in the contact and the normal load F^. 




Fig. 1. Traction-creep curve 
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Ft 

f Fn 



= 1 - 



s R* y 

a f ) 



with 




( 1 ) 



If S R* / {a f) > 1, Ft = f Fn and sliding occurs everywhere in the contact. 
Otherwise and in addition to sliding, also sticking occurs at the leading area 
of the contact. 



3.2 Description of the Tribotechnical System 

The tribotechnical system under consideration consists of a wheel roller and 
a rail roller. The wheel roller is made of R7 steel, whereas the material of 
the rail roller is 900A steel. The diameters d\ and ^2 and the width of the 
rollers are indicated in the chapter 4.2. The wheel roller and the rail roller 
run at different speeds, i.e. uji and and the rollers are subjected to various 
normal loads F^. Apart from load, creep and external geometry, a number of 
surface roughness data and material parameters are of relevance to friction 
calculations. 



Roughness Data 

The mircogeometry is determined by performing two-dimensional measure- 
ments of the loaded surface of the rollers 1 and 2 at various points on their 
circumference in axial direction several times; to this end, a contact stylus 
intrument is used. Following [1], a simplified mathematical model compri- 
sing both rough surfaces can be used for describing the contact problem of 
rough surfaces, where a smooth rigid surface is moved relative to a resulting 
rough and deformable surface. To build the resulting surface, all measured 
roughness profiles of roller 1 and roller 2 are combined and summed up. 

^ height distribution of summits 




Fig. 2. Surface profile of the resulting model surface with amplitude density curves 
of heights and summits 



The individual data sets of the resulting surface are for establishing the 
root mean squares Rq, the maximum profile valley depths Rm^ the maximum 
profile heights Ry^ the mean asperity radii Ras^ and the number of asperities 
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per unit length j * , the latter corresponding to the number of evaluated radii 
per unit length. Subsequently, mean values are determined from all values 
of Rq^ Rjn, Ry^ Ras ^ud j* and included in the computation model. The 
mean asperity radius Ras is determined by following the procedure as de- 
scribed in [2]. However, it is the distribution of asperity summits that is of 
relevance to friction calculations, rather than the height distribution of as- 
perities (Fig. 2). To establish the height distribution of asperity summits, the 
following assumptions are made corresponding to [1] or [5]: 

• The heights of the asperity summits hg are Gaussian-distributed with 
the standard deviation ag and mean value hg.This requirement is almost 
fulfilled by isotropic surfaces with a Gaussian height distrubution [1]. 

• Corresponding to [5] the standard deviation of the heights of asperity 
summits ag is described by the equation ag = O.Tlcr = 0.71 Rq and 
the mean value of the summit heights hg is given by hg = h 0.82cr = 
Rm T 0.82i?g. 

• The value of the maximum profile height Ry of the asperity summits is 
identical to that of the resulting model surface. 

• The asperity summits exhibit a constant mean radius, which is identical 
to the mean radius Ras of the asperities from the resulting surface. 

The standardised distribution density function of the asperity summits (f)g (^) 
on the resulting model surface satisfies the equation [4]: 



{i) = 



\/^ 



exp 






with ^ = — and — (2) 

O' o O a 



The asperities ja on the nominal contact area Aa can be calculated by means 
of the number of asperities per area j* with ja = Aa. The number of 
asperities per area is estimated with j* = 1.21 j* ^ following the random field 
theory as suggested by [6]. 



Material Data 

The material data of the test rollers required for determining friction include 
the hardness HV 0.1 of roller 1 and 2, the moduli of elasticity Ei and 
and the Poisson’s ratios and z/ 2 - These data can be used for determining 
the reduced modulus of elasticity = 2 E 1 E 2 I [Ei (l — +^2 (l~^i)] 

and the yield strength Re of roller 1 and roller 2 on the basis of the relation 
Re ~ HVO.l/cy with Cy = 3. 

3.3 Contact Parameters under Tribological Loading 

Compared to smooth surfaces, rough surafces exhibit an increased contact 
width and, hence, a larger nominal contact area. The following relation holds 
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true, -^a rough -^a smooth ^ 5 where CL — trough/ ^smooth the effective 

contact half-width and Aa smooth is the nominal Hertzian contact area for 
smooth surfaces. The effective contact half-width depends on the operating 
variables, marcogeometry, surface roughness and the material proper it ies, as 
suggested by [7] . The tests under consideration yielded a mean value of a* 

1, 24. In the range 0 < z < Zmax the number of asperity contacts jr can be 
calculated as follows (Fig. 4): 

rZmax 

jr = ja / (ps (0 with Z = — and Z^ax = (3) 

To establish the load-carrying capacity of a surface as a function of the 
approximation (5, indentation tests with a diamond Brinell ball (400/xm dia.) 
were performed. Both the loading and the indentation depth were recorded. 
Standardising the test load with the normal load under which initial 
plastic deformations occur, and the depths of indentation with the aproxima- 
tion 6y under which initial plastic deformations occur, yields the standardised 
load-indentation depth curve as shown in Fig. 3. The values of 5y and Fn^y 




Fig. 3. Approximation of standardised load-indentation depth curves 



can be determinend by using the following equations: 

2 2 

5, = 25.271;: and = 84.671^ (4) 

Three areas can be distinguished in the standardised load-indentation depth 
curve: (i) elastic deformation, (ii) elastic/contained plastic deformation, and 
(iii) plastic deformation. These three areas can be described by using an ap- 
proximation function, i.e. Fn/Fn^y = {5/6y)^^‘^ for the elastic area, Fn/Fn^y = 





196 Ludger Deters et al. 



for the elastic/contatined platstic area, and Fj^jF^^y — 5.63 {5!5y) 
for the plastic area. Calculations of the surface approximation u are based on 
the following assumptions: A smooth rigid surface approximates to the resul- 
ting rough deformable model surface (Fig. 4). When the smooth rigid surface 
approaches the resulting model surface, the asperities on the model surface 
are deformed. Depending on the extent of approximation, deformations are 
either elastic, elastic/contained plastic (cavity model [1] ) or plastic. The va- 
riables in Fig. 4 are defined as follows: 

5y ^ K (C \ 

^ s ^ s 




Smooth rigid surface 



plastic 

elastic /plastic 

elastic 



jr 

Resulting rough deformable model surface 



Fig. 4. Possible deformation areas when the smooth rigid surface approximates to 
the rough surface (bolt dashed line marks the value u by which the smooth rigid 
surface approaches the rough surface) 



From the equation below for calculating the load-carrying capacity Fn of 
the asperities, the distance z between the zero line of the resulting model 
surface and the approximated rigid smooth surface can be determined itera- 
tively until an equilibrium of forces is reached. The load-carrying capacity F^ 
of the resulting model surface can be determined, e.g. for the plastic range 
(0 < z < Zmax — Zpi), by using the following equation: 

F„ = Ie* ja 4>s (0 dC + (5) 

J Jz 

P^max 

T ‘^CyirR^Ras ja^s I 4^s (0 

J z-\-Zpi 

The load-carrying capacities of the asperities in the elastic and the ela- 
stic/contained plastic range can be calculated similary to Eq. (5) by leaving 
out those terms, which are no longer required, and adjusting the integration 
limits. If z is determined (iteratively) for the given external load, the real 
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contact area Ar can be calculated, e.g. for the plastic range 
(0 < 2 : < Zmax ~ Zpi)^ by using the following equation: 



Ar = nRa 



+ mnRasj. 



PZ-\-Zy 

ja(^s / 4>si0i^-z) 

J z 

iaCTs 

J z- 



d^ + 



4>si0i^-z)dC + 



pZ-\-Zpi 

(1 - m) wRas jaSy / (j)s (0 

J z-\ 



2TlRa 



' Z-\-Zy 

pZmax 

jaCTs / 4>s iO (C - Z) d^ 

J Z-\-Z-nl 



( 6 ) 



3.4 Deformation Component of Friction Force 

The deformation component Fj^def of the friction force Ff is calculated for 
two asperities, which are typical for the individual surfaces and exhibit a 
radius Rasi and Ras 2 ^ respectively. These asperities are moved relative to 
each other, approach and deform each other (Fig. 5). This approach does not 
facilitate any detailed examination of individual microcontacts, but provides 
an integral value for the deformation component of the friction force. 







Fig. 5. Contact of two asperities typical for the surfaces 



The representative asperities in Fig. 5 are exposed to a mean normal 
load Fn,r = ^rljr- The real contact area of the representative asperities in a 
centric contact is assumed to be Ar^r = ^r/jV- As a result, the mean pressure 
Pm = FnjAr occurs in the representative mircocontact. 

When the representative asperities of body 1 and body 2 move relative to 
each other, both asperities together are flattened by Sr and the deformation 
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work Wf^def,r is done. It is assumed that this deformation work Wf^def,r 
corresponds to the friction work Wf^def,r, which (as a result of deformation) 
is carried out when the representative asperities move relative to each other. 
The friction work Wf^def,r results from the component Ff^def.r acting along 
the friction distance s/, multiplied by the friction distance Sf. 

^^def,r ~ f,def,r — F f^def^r 

Assuming that the major part of the deformation work Wdef,r results 
from deforming the representative asperities in normal direction (y-direction 
in Fig. 5), only deformations resulting from normal loads are considered for 
calculating the friction component Ff^def,r- 

Wdef,r = J Fn,ri5r)dSr ( 8 ) 

The deformation work Wdef,r is determined taking the indentation curve 
(Fig. 3) into account. After establishing whether the deformation is ela- 
stic (Fh,r < ^n,y) clastic/contained plastic {F^^y < Fh,r < ^n,pi) or pla- 
stic {Fn,pi < Fh,r), the approximation Sr of the representative asperities can 
be derived from the contact area Ar^r of the representative asperities in 
the centric contact as follows: For elastic deformation Sr is calculated from 
Sr = Ar^r/ {'^Ras)^ for elastic/coutained plastic deformation from 
Sr = {Ar^r ~ {1 ~ m) T^Ras^y) / {rmrRas) with m ~ 2, and for plastic defor- 
mation from Sr = Ar^r/ ip^'^Ras)’ 

When Sr is known, the deformation work Wdef,r at the representative 
asperities results from the solution of Eq. (8) using the approximation fun- 
ctions from the standardised load- indent at ion depth curves for The 

elastic component can be neglected. 

Theoretical examinations in [12] show that for a radius ratio of 
Rasi/Ras2 = 0.5 . . . 2 the friction distance Sf is almost identical with the 
diameter dr^r oi the contact area of the representative asperities Ar^r (Fig. 
5 ). If the deformation work Wdef,r is known, this means for calculating the 
deformation-induced friction force Ff^def.r at the representative individual 
contact that: 



Ff^def,r 



^S^def,r 



with dr^r 



AAr^r 

7T 



( 9 ) 



The total deformation-induced friction force Ff^def can be determined by 
using the number of contacts j»V for the following equation: 



Ff,def — jr Ff^def.r 



( 10 ) 
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3.5 Adhesion Components of Friction Force 

The effect of adhesion in the friction process (adhesion component Ff^ad of 
the friction force Ff) results from the seperation of adhesive bondings in the 
real contact area. Compared to other models, it is fairly easy to determine 
all input variables required for the shear strength model, and hence the ad- 
hesion component Ff^ad of the friction force Ff is calculated by following the 
approaches of [13]: 



Ff^ad '^elpl ^r^ad^elpl T '^pl ^r,ad^pl ? (f f ) 

where Teipi and Tpi are the shear strengths of the adhesive bondings at elasti- 
cally/contained plastically and plastically deformed asperities, respectively. 
^r,ad,eipi ^nd A^^ad.pi ^rc the real contact areas of the elastically /contained 
plastically and plastically deformed asperities, respectively. Adhesion is only 
to occur in these contact areas as a deformation with plastic components 
causes the formation of fairly large real contact areas and the breaking-up 
of existing absorption and oxide layers, intensifying molecular interactions 
between the surfaces. The shear strengths Teipi and Tpi in Eq. (11) are cal- 
culated as follows: Teipi = '^eipi and Tpi = rripi r^, where Tq is the shear 
strength of the softer material. Due to the presence of oxide layers and other 
contaminants in the contact area, it is assumed that the shear strenth of 
adhesive bondings is smaller than that of pure materials. This aspect is given 
consideration by rripi = 0.8 . . . 0.95 and rrieipi = 0.6 . . . 0.85. Under the condi- 
tion that shakedown of the boundary subsurface layers is almost completed 
or does not occur any longer, the shear strength can be determined by using 
the relation Tq = 6 . If plastic deformations occur at the asperities 

(0 < z < Zjnax ~ Zpi)^ the real (’adhesion-effective’) contact area Ar^ad,eipi can 
be obtained by using the following equation: 



Ar,ad,elpl — ^^Fasj 



rz+Zpi 

iaCTs / 

d Z-\-Zy 






( 12 ) 



+ (1 - m) TrRas j. 



rz-\-Zpi 

a^y j 

J Z-\-Zy 



4>s iOd^ 



If also shearing r occurs in the contact area, apart from the pressure p, the 
contact area Ar^pi,o occurring in a plastic contact under a mere normal load 
Fn, increases to Ap^ad,ph In the relevant literature this phenomenon is called 
’junction growth’. The following holds true: 



^r,ad,pl — 






42 

r,pl,0 



l+a{F 

J- n. 



(13) 
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A value of a = 9 was chosen for the calculations. The real contact area 
■^r,pi,o at plastically deformed asperities in the initial state (without the effect 
of tangential forces) corresponds to that part of the real contact area where 
the asperities are plastically deformed under the influence of a mere normal 
load. Within the range 0 < 2 : < Zmax — ^pi (plastic deformation): 



^r,pl,0 — ‘^'^Ras ja^s I 4^s (0 



(14) 



Calculation of the increased real (’adhesion-effective’) contact area Ar^ad,pi 
according to Eq. (13) requires an iterative approach as the ratio Ft/F^ is not 
known in the beginning. 



3.6 Friction Coefficient 

The total fricton force Ff consists of two components, i.e. Ff^def and Fj^ad- 
Hence, the friction coefficient / of the two roller contact can be calculated as 
follows: 

y _ ^f^def + Ff^ad 
Fji 

Following the determination of /, the transmissible tangential force Ft or the 
traction coefficient ft can be calculated. 

4 Test Machine and Test Rollers 

4.1 Test Machine Design 

A new two roller test machine was built to simulate the wheel-to-rail contact 
and examine friction and wear behaviour. The test machine was provided with 
a novel loading system for applying the load to the test rollers symmetrically 
from two sides by means of supporting rollers. This design virtually prevents 
the test rollers from misaligning (Fig. 6). With regard to friction and wear a 
high reproducibility of test results was obtained. 



4.2 Test Rollers 

The test rollers were machined from original components (wheel and rail) to 
simulate the wheel/rail system under most realistic conditions, if possible. 
Hence, certain restrictions had to be observerd as to their dimensions. Fig. 7 
depicts the points from where the standard test rollers were taken as well as 
their dimensions. 
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Supporting roller 
Test roller 1 
Shaft 




Fig. 6. Loading principle of the two roller test machine 






Fig. 7. Points from where test rollers were taken (left) and dimensions of test rollers 
(right) 



5 Results 

5.1 Comparsion Between Theoretical and Experimental Traction 
Coefficients 

Fig. 8 presents a comparison between the measured and the calculated 
traction-to-creep curves (test no. 6 : 0 to 2.5% creep; test no. 7 : 0 to 4 % 
creep). A comparsion between the traction coefficients measured at the two 
roller test machine and those calculated reveals a good correspondence. It is 
assumed that deviations are caused by roughening of the test rollers, varying 
more markedly at higher creep values. Hence, uncertainties are encountered 
when determining roughness values. Strikingly, the curves exhibit a rather flat 
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pattern. This might be attributable to the fact that the maximum traction as 
a function of creep and pressure differs at the various operating points due to 
changes in the mircogeometry and the material properities in the subsurface 
layer. 




Fig. 8. Comparsion between measured and calculated traction coefficients 



5.2 Experimental Friction and Wear Data 
Influence of Pressure 

Experimental examinations revealed a slight decrease in the measured trac- 
tion coefficients when the pressure between the two test rollers increased (Fig. 
9). However, at both the driving roller and the driven roller the pressure rise 
causes a continuous growth of the wear volume. As a result of the traction 
coefficient decreasing slightly and wear volume increasing more intensely, the 
wear-specific friction work follows a decreasing path (Fig. 10). This indica- 
tes the lower wear resistance of the tested material combination when the 
pressure grows higher. 

For the driving roller this wear behaviour is probably due to a slightly 
increasing oxide film and a splitting off from the surface at higher pressures. 
This spalling away of oxide particles exposes more metall which rapidly oxidi- 
zes once again. At the driven roller the predominant metal surface is stressed 
higher which leads to an increased production of lamellar wear particles. 

Influence of Circumferential Speed 

When the circumferential speeds of the test rollers are increased while keeping 
the creep and the number of contacts {Nc = 200, 000) constant, the traction 
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Maximum Hertzian pressure in N/mm^ 



Fig. 9. Traction coefficients as a function of maximum Hertzian pressure 
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Fig. 10. Wear-specific friction work under varying pressure conditions 




Fig. 11. Traction coefficients at various circumferential speeds 



coefficients slightly decrease (Fig. 11). Also the wear volume after 200,000 
revolutions each of the driving roller is reduced when the speeds of the rollers 
are increased. 

The lower wear volume and the resulting higher wear resistance at higher 
circumferential speeds, as presented in Fig. 12, might be attributable for the 
driving roller to a more continuous and thicker oxide him which becomes 
possibly weaker as a result of the growing him thickness and the increasing 
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temperature at rising velocities. For the driving roller the shorter contact 
times at higher speeds cause higher deformation speeds in the subsurface layer 
of the material. Higher deformation speeds may exert a favourable influence 
on the strength of the material and, hence, on wear resistance, at least in the 
speed range under consideration. 




Fig. 12. Wear-specific friction work at varying circumferential speeds 



Influence of Creep 

In the tests involving a change in creep, the dry rolling/sliding contact exhi- 
bited the known traction-to-creep behaviour (Fig. 13). The traction behaviour 
changes only slighty when the rail roller is used as the driving roller, corre- 
sponding to brake processes in the wheel/rail system and marked by negative 
creep values in the diagrams. 




Fig. 13. Measured traction-to-creep curve (left: rail roller driving, right: wheel roller 
driving) 



As can be deary seen in Fig. 14 for negative creep values, there is a good 
correlation between wear volume development and hardness values obtained 
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on the tribological loaded surface. In the tests involving lower creep values 
(< 0.25 %) both rollers were completely covered with a reddish-brown and 
shiny oxide layer. Due to the resulting protective effect there was hardly 
any wear. Wear did not clearly increase until after the creep values rose, 
causing a destruction of the oxide layers as a result of higher shear stresses. 
These changing wear mechanisms, i.e. from a mere tribochemical reaction 




Creep in % 

Fig. 14. Wear volume and hardness of the running tread as a function of creep 
(left: rail roller driving, right: wheel roller driving) 



at both rollers to the fatigue and abrasion mechanisms at the driven roller 
and tribochemical reaction and fatigue (of the reaction layers) at the driving 
roller are also reflected by the values of wear-specific friction work (refer 
to Fig. 15), i.e. a change was observed from low wear levels (high wear- 
specific friction work values) to high wear levels (low wear-specific friction 
work values) as had been described earlier, for instance, in [14]. If the creep 
exceeds a value of about 0.25 % ,i.e. the critical value for the wear of this load 
condition {po — 1,000 N/mm?) marking the transition from lower to higher 
wear levels, wear resistance takes on almost constant values. 



Influence of Reversing Directions of Loading 

Tests were performed to simulate travel motions on a single-track line where 
the rails are loaded alternately in both directions (refer to Fig. 16). The rolling 
direction of both rollers on the test machine was changed at intervals (e.g. 
after 20,000 revolutions each of the driving roller). As can be demonstrated 
by a comparison between the traction coefficients under reversing and con- 
stant loads, this constant alternation of the loading directions has hardly any 
effect on the transmissible tangential forces (reversing directions of loading: 
ft = 0, 4; constant direction of loading: ft = 0, 41). However, a significant dif- 
ference occurs after 200,000 revolutions of the driving wheel roller regarding 
the wear volume of the rail roller, i.e. the wear volume decreases almost by 
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Fig. 15. Wear-specific friction work at varying creep values (left: rail roller driving, 
right: wheel roller driving) 




Fig. 16. Travel motions and tangential forces of a shuttle train on a single-track 
line 

half. In contrast to that, hardly any difference can be observed as to the wear 
of the wheel roller. This varying wear behaviour of the rail roller under rever- 
sing and constant directions of loading is also reflected by the wear-specific 
friction work (refer to Fig. 17). The different wear behaviour under reversing 
directions of loading is due to structural changes in the subsurface layer of 
the wheel roller and the rail roller. 




Fig. 17. Wear-specific friction work under reversing directions of loading 
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5.3 Comparison Between Wear Occurring in Original Rails and 
Test Rollers 



A comparsion with wear values obtained from track measurements was per- 
formed to check the wear values obtained on the test bench. To this end, the 
wear-specific friction work was determined for selected DB AG track sections. 
Eq. (16) was used for calculating the wear-specific friction work of the origi- 
nal rail. The values (/t, s/, Aa) required for the calculations were 

obtained (i) from data of the original system, e.g. the wear height and 
the number of roll-over cycles required for determining the sliding distance 
s/, and (ii) from analyses of the wheel-to-rail contact as published in the 
literature, e.g. [11], [16] and [17]. The wear height was determined by 
profile measurements; for calculation purposes the wear value measured in 
the middle of the rail head was used. The number of roll-over cycles during 
the measuring period can be obtained from the period between the measure- 
ments and the daily line load with the help of the mean axle load occuring 
on the examined DB AG track. Presently, the input variables for the mean 
pressure p = F^j Aa^ the traction coefficient ft and the nominal area of the 
contact Aa need to be determined from data published in the literature. 



Wf^r 



O^sWf 

^w,r 



C^s ft P Sf 



h 



w,r 



with as ~ 0.5 



(16) 



For the original system a range is indicated of wear-specific friction work that 
is likely to occur as there are no defined operating conditions for the overall 
measuring period. The possible range of contact conditions is limited by the 
two extreme cases of fully lubricated and dry contact conditions. The exact 
wear-specific friction work values of the wheel/rail system range between 
these two limit values. Fig. 18 depicts the range of the original system marked 
grey. 




Fig. 18. Comparison between wear-specific friction work values obtained on the 
test bench and values likely to occur in practice 
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The values obtained from the model tests are in fairly good correspon- 
dence with the area of the original system. This good correspondence shows 
that results obtained from model test can be applied to railway practice when 
relevant conditions are fulfilled. 



6 Summary 

Theoretical and experimental examinations of the rolling contact were re- 
ported. The two roller contact was selected as the testing principle by using 
the standard-quality materials R7 for the wheel roller and 900A for the rail 
roller. The maximum Hertzian pressure and the creep were varied. 

The first part of the paper presents a computation model for describing 
the traction-creep behaviour in the rolling contact under solid friction con- 
ditions. Calculations are divided into two major sections (i) calculation of 
surface approximation and of the real contact area and (ii) calculation of 
the friction. For calculation purposes it was nesessary first to establish the 
geometry and disribution of asperities and provide its mathematical descrip- 
tion. Two-dimensional roughness measurements were carried out by means 
of a contact stylus instrument in order to investigate mircogeometrical pro- 
perties. Methods of mathematical statistics were used to characterize the sur- 
face roughness. The present paper follows the simplified approach of using 
spherical caps for describing asperity summits, and assumes a Gaussian dis- 
tribution of their heights. The approximation of loaded rough surfaces was 
iteratively calculated until equilibrium was reached between external loading 
and the load-carrying capacity of asperities. The load-carrying and deforma- 
tion behaviour of the surface was described by load-indentation depth curves 
obtained from measurements. Subsequently, also the real contact area could 
be determined from the approximation of both surfaces. This determination 
was followed by friction calculations. The deformation component of the fric- 
tion force was established for two asperities, which were representative and 
typical for the individual surfaces (refer to Section 3.4). The adhesion compo- 
nent of the friction force was determined by using the shear approach (refer to 
Section 3.5) and the shearing-induced contact area increase (’junction gro- 
wth’) was considered for plastic deformations of asperities. A comparsion 
between the results obtained from measurements and those obtained from 
calculations yielded a good correspondence. 

As turned out, the friction coefficient is not a constant and varies under 
the influence of various operating variables as a result of changed microgeo- 
metrical and material properities and of varying ambient conditions. Conse- 
quently, each operating point in the rolling contact needs to be assigned its 
specific friction coefficient. For further details as to friction calculations for 
wheel-to-rail contact reference is made to [14]. 

Apart from determining friction, also the wear volume and knowledge 
about wear processes occuring in the wheel-to-rail contact are of critical im- 
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portance to the development of new material and scheduling maintenance 
operations, such as regrinding rail sections. To this end, wear tests were per- 
formed on a roller /roller model under various predefined parameters. Expe- 
rimental examinations required a new test bench be designed and built. On 
the new test bench the normal load was applied by means of a novel suppor- 
ting roller system. This design prevented misalignment of the test rollers as 
turned out to be a weak point of traditional test machines of this kind. The 
new test bench yielded a good reproducibility of results. 

The wear volume increase proved to be proportional to the increase of 
the acting pressure and the creep between the test rollers. Increasing the 
cirumferential speed of the test rollers caused a reduction in the wear volume 
both at the driving and at the driven roller. A significant wear reduction at the 
driven rail rollers could not be achieved by periodically reversing the direction 
of the acting friction forces; under such reversing conditions of operation a 
change in the wear volume at the driving rollers manufactured from wheel 
material could not be detected. At creep values of about 0.25 % a change 
between low wear and high wear levels was found for the material combination 
of R7 (driving) against 900A (driven) . 

The driving roller and the driven roller differed fundamentally in their 
wear processes since their subsurface material layers are exposed to different 
stresses and, consequently, exhibit a different level of work-hardening. Hence, 
wear of the driving roller, which was exposed to lower stresses and exhibits 
a lower surface hardness compared to the driven roller was mainly caused 
by tribochemical reactions, whereas fatigue and abrasion were the marked 
wear-reducing mechanisms at the driven roller. 

Examinations as to the extent to which theoretical results can be applied 
to practise, revealed a good correspondence between wear-specific friction 
work of the model and of a real system. Additional details and comprehensive 
information about wear investigations performed can be found under [15]. 
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Abstract. This contribution presents the idea of model-based model validation. 
For this purpose the Pl-Observer as core of a validation scheme is introduced. Task 
of this observer scheme is the estimation of unknown, unmeasured interaction effects 
within the considered system. Therefore it is assumed, that the whole system is 
divided in known and unknown parts. Estimating dynamic interaction effects inner 
ratios within the unknown part are reconstructed. This model-based reconstruction 
scheme can be used for validation purposes if real measurements are available. 

As example the adhesion models are validated. The contact force highly depends on 
the kinematical contact situation and additionally on external effects. By observing 
the contact situation by the actual adhesion characteristic between rail and wheel 
can be determined. 

As a first application example the simulations of the driven wheel show the strategy 
and the efficiency of this approach. 



1 Motivation 

For model validation by comparison of predicted with real values, measure- 
ments are needed. Here usually costly experimental validation especially for 
models with a wide application range are necessary. Further on model val- 
idation often is done using specific test-rigs to realize conditions to allow 
measurements, which typically can not be assigned to practical problems. 
Another problem is that measurements of the interesting system part and of 
the interaction effects to others are not available. This means that practical 
realization of measurements restricts the model refinements to those effects, 
which affects the output. The proposed method overcomes these difficulties 
by the application of a robust model-based technique which uses simple to re- 
alize measurements and model knowledge to predict inner values of unknown 
parts of the considered model. 

The principle idea is illustrated by the validation of the nonlinear adhesion 
characteristic. The adhesion- friction micromechanism is the core of the trans- 
port mechanism of locomotion. Figure 1 gives possible contact situations of 
a rail- wheel contact. The area of an optimal use of the contact situation is 
defined due to the assumption of the maximum position of the friction-slip 
ratio on the left hand side of the maximum, if a maximum is available. 
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Wheel Slip [%] 



Fig. 1. Area of the optimal adhesion of the rail-wheel contact 



The rail- wheel contact is highly nonlinear due to the complex geometrical con- 
tact problem and the unknown environment parameters (temperature et ah). 
Several papers focus to the modeling of the contact phenomena, trying to un- 
derstand the effects as well [10], [21]. Furthermore the interaction between 
the elastic track, the elastic rail, the elastic contact itself and the wheel is of 
interest, because of several safety, economical and comfort aspects [18]. 

The problem of validation of those contact models are unavailable measure- 
ments of the contact area. The model-based model validation technique offers 
with the Proportional Integral (PI) Observer a possibility for validation in 
cases where measurements are impossible or too costly. The Pl-Observer uses 
known model parts and easy available measurements from the known parts 
to estimate unknown effects within the unknown parts. 

So it works as a ‘virtual measurement device’. The method is illustrated 
in Fig. 2. 

The aim of this contribution is to demonstrate the possibilities of observer- 
based estimation of nonlinear contact forces. Therefore it is not necessary 
to work with detailed models of the mechanical system itself rather than 
with arbitrary disturbed models to examine the robustness of the observer 
technique itself to its own model assumptions. 
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Fig. 2. The Pl-Observer as a virtual measurement device 



2 The Rail- Wheel Contact 



Modeling of the contact between two elastic bodies is a classical problem. 
The solution to the normal-contact problem - the determination of the con- 
tact area and the planar pressure functions - was given by Hertz [6] . In 
this contribution the contact area is assumed as an ellipse, described by the 
radi a, 6. This includes that the contact partners are shifted together with 
the distance 



S = 



G ) 



OLa , 



( 1 ) 



with N acting as normal force, Ra as wheel radius, v as the contraction 
number ( = 0.3 (steal)), the shear modulus G and the coefficient aa- The 
ellipse radii are connected by 



b = a\/l — 



( 2 ) 



(cf. [11]), where e defines the eccentricity of the contact ellipse. Relations 
between the radii Ra^ Rb of the contact partners and the eccentricity are 
given by 

^ ^ (l-e^)D(e) 

Ra B{e) ^ ’ 

(cf. [11]), with the coefficients D{e), B{e) as solutions from elliptic integrals. 
Tabular solutions are given in [14]. 

In this contribution a dynamical contact is assumed, where the coefficients Ra, 
Rb, aa are fixed. The coefficient aa is choosen with aa = 0.549. 

The contact force can be modeled assuming the theory of Kalker [9]. Here 
the tangential contact force is modeled using the model of Shen-Hedrick- 
Elkins [20]. Here only the tangential slip rj is considered. The tangential 
contact force is modeled by 

= -aabGCuT], 



( 4 ) 
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with 

for T|*”- < SfiN (5) 

for Tf ”■ > SfiN , (6) 

and Cii as a Kalker coefficient which is chosen fixed. The equations (l)-(6) 
define a piecewise constant contact force / slip relation for the elastic contact. 
This simplified model is sufficient to show the efficiency of this approach. 




a — 



3 The Proportional-Integral-Observer 

In this paper a Proportional-Integral Observer (PIO) is used, which allows 
the robust estimation of modeled system states, additionally the estimation of 
unknown inputs in desired / interesting input channels. If the nominal system 
behaviour can be described by a nominal system description, changes in the 
system structure or of system parameters can be understood as additional 
external inputs acting to the nominal system and representing the fault. 
In contrast to the Extended Kalman Filter, this procedure considers the 
dynamical changes both of structure and parameter. In contrast to actual 
works about the Unknown Input Observer (UIO) [7], this approach works in 
an approximated wise, but with weak conditions. 

In the sequel it can be shown that the PIO allows the robust estimation of 
such unknown inputs interpreted as disturbances to the nominal system. The 
main idea of this paper is the application of this observer type to nominal 
known systems for fault diagnosis, in the way that the operator of a dynamical 
system gets a new tool looking for inner, unmeasurable states of a system. 
Combining the estimations of the PIO a new quality of inner informations 
of the faulty structure is available. The main details of PIO is already given 
and proved in [23]. In this paper the PIO is extended for applications as 
Unknown-Input Observer (UIO), applied for estimation of unknown additive 
inputs, like the contact forces of the rail- wheel contact. 



3.1 History of Disturbance Estimation 

Based on a linear and deterministic description of the plant, which describes 
the nominal unfaulty dynamical behaviour of the plant, the Luenberger ob- 
server can reconstruct unmeasurable states using measurements of outputs. 
This permits the employment of the Luenberger-observer scheme to dynamic 
systems of the form 



X = Ax + Bu, y — Cx, 



(7) 
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with the state vector x of order n, the vector of measurements y of order ri , 
and the known input vector u of order m. The system matrix A, the input 
matrix B and the output matrix C are of appropriate dimensions. However, 
it is not directly applicable to nonlinear systems or systems with unknown 
inputs. Since the proposed type of observer beside the proportional feedback 
like the Luenberger-observer, also uses integral information of the estimation 
error, it is called Pl-observer (PIO). It is known from literature, that the 
Pl-observer design is useful for linear systems with constant disturbances [3]. 
Here the Pl-observer is developed from another viewpoint. Continuing the 
ideas of Johnson [8], who introduced linear models for disturbances acting 
upon linear systems, and Muller [16], [17], who gave the conditions and proofs 
for modeling disturbances as linear models also acting upon linear systems, 
this paper deals with the idea of constructing a ‘disturbance model’ for more 
general use, especially to the practical case, in which no information about 
the disturbance, the structure of the fault resp., is available. Here the term 
‘disturbance model’ describes the use of disturbance models describing the 
signal behaviour of external inputs regretted as disturbances, representing the 
disturbance rejection philosophy given in [8], [16] and [17]. Here this term is 
used only to relate the proposed development of the Pl-observer to the known 
disturbance rejection strategy, which can be considered as a special case. 
The following aspects are the points of consideration: usual Luenberger ob- 
server fails, if the system (7) is only roughly known or /and there exist ad- 
ditional unknown inputs caused by nonlinearities. Using known Pl-observer 
techniques this disadvantage can be compensated, but only for piecewise con- 
stant disturbances [3]. If the unknown input is caused by modeling errors or 
unmodeled nonlinearities (unmodeled dynamics), this assumption is not ful- 
filled. 

In the general case of an external input, which can not be described by a lin- 
ear model extension (disturbance rejection theory), the system description (7) 
fails. Therefore, a more general description of such systems is given 

X ~ Ax Bu N f{x^u^i) ^ y — Cx . (8) 

In (8) the vector function /(x,u,t) of dimension Y 2 describes in general the 
nonlinearities caused by the external input, unknown inputs and unmodeled 
dynamics of the plant and may be a nonlinear function of states, control 
inputs and time. The matrix N is the corresponding distribution matrix 
locating the unknown inputs to the system. Without loss of generality here 
it is assumed that the matrices N, C have full rank. 

Several successful practical and theoretical applications concerning machine 
diagnosis [22] and also observer-based control [2], [15] are known. In all of 
these cases an approximation 

f ^Hv (9) 

of the vector of nonlinearities / (friction torques, forces caused by the crack) 
was used. In the theory of DRC [8], [16], [17], the linear time-invariant system 
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with the unknown inputs N f caused by nonlinearities, unknown inputs or 
unmodeled dynamics is described by the linear exo-system 



i) — Fv 



( 10 ) 



The resulting extended linear dynamical model includes these inputs and 
appears as 



X 




'ANH' 
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B' 
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0 F 
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u 



( 11 ) 



y= [C'o] 



( 12 ) 



and can be used as an (extended) base building up an extended linear ob- 
server. Here the matrix N relates the fictitious approximations Hv of the 
unknown inputs / to the states where they appear. The signal characteris- 
tics of these inputs will be approximated by a linear dynamical system with 
the system matrix F. Using the extended system description (11), (12) an 
extended observer can be designed, so the estimate v of v represents the ap- 
proximation of the disturbances, whereby x is the estimation of x. 

In the applications [22], [2], [15] it is noticed that using 



F = 0, F 0 , [resp.,] 



(13) 



leads to a very good reconstruction of the diagnosted nonlinearity. This means 
that without exact knowledge about the dynamical behaviour of the unknown 
inputs f (F = 0 represents a constant disturbance [3]), a very general ap- 
proach is possible by assuming the disturbance as approximately piecewise 
constant (related to the ‘disturbance model’-philosophy) , but applying the 
observer scheme to applications where this assumption is not fulfilled. 

By the given procedure using ‘F = 0’ in the sense of disturbance model phi- 
losophy, the successfully applied scheme appears as the Pl-observer and will 
be seen as a natural comprehensible extension of the well known Luenberger 
observer [23]. 

Figure 3 shows the structure of the observer therefore (8) is written in the 
following form 

X = Ax -h Bu b + N*n* (x, t) . (14) 

where b is the known input which is independent from u and N*n* describes 
the unknown, external inputs. 

Here in contrast to the conventional Luenberger approach a second loop with 
two gain matrices L 2 ^L^ and integrator is used additionally. 

Now, the question is how to determine the matrices Fi, L2 and L3 such that 
the corresponding PIO works well. Therefore the estimation performance is 
analyzed for different cases of the dynamical behaviour of the unknown input 
related to the nominal system. 
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Fig. 3. Structure of the Pl-Observer 



3.2 Estimation Behavior 



The development of the theory behind follows the works in [23], [26]. From the 
structure of the Pl-observer depicted in Fig. 3 it follows, that the dynamics 
of Pl-observer is described by 



X = Ax-\- Lsf + BuALi{y - y) f = L 2 {y - y) 



where y = Cx. Writing ( 8 ) in a matrix form gives 
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(15) 



(16) 



(17) 



Now the problem is how to design the gain matrices Li, L 2 , and L 3 , such 
that the observer can estimate approximately the states x of the plant. 
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Defining the estimation error as e(t) = x(t)— a;(t). Then, from (7), (8) and (17) 
we have that 



e 

/ 




(18) 



in the case of system (7), or 



e 

/ 





(19) 



in the case of system (8) with unknown inputs or nonlinearities. From (17) 
the following result can be obtained [23]. 



3.3 Known System without External Inputs 

Theorem 1. If the pair (A, C) is observable, then there exists a Pl-observer 
with any dynamics for the system (7), such that lim^^oo[^(t) — x{t)] = 0 for 
any initial states x(0), x(0) and /(O). 



Proof. From the dynamics (17) of Pl-observer it can be seen that the dy- 
namics or poles of (17) can be arbitrarily assigned if and only if the matrix 



pair 



ALs 
0 0 



.[CO] 



is observable, i.e. 



rank 



si- A -Lg 
0 si 
C 0 



n + dim{f) 



( 20 ) 



holds for all s G C. Furthermore, the condition (19) is equivalent to 



rank 
when 5 = 0 and 
rank 



ruLsii _ 

[[c 0 J J 



. -h dim{f) 



u Jj 



( 21 ) 



(22) 



when 5 7 ^ 0. The condition (21) implies that the dimension of the integrator 
must be less than or equal to that of the outputs. Since the matrix Ls may 
be arbitrarily selected, the rank condition (22) holds if and only if 



rank 




= n 



Combining the conditions (22) and (23) leads to 



si- A 



( 23 ) 
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for all s G C, i.e. (A, C) is observable. 

A main motivation to study the Pl-observer is to reconstruct the states of the 
system (8) with nonlinearities. The following two theorems give the results 
in case of the system (8) . 



3.4 Known Systems with Constant External Inputs 



Theorem 2. Assume that lim^^oo exists. Then, there exists a PI- 

observer with any dynamics for the system (8), such that lim^-^oo[^(t) ~ 
x(t)] = 0 for any initial states x(0), :r(0) and /(O) if (A, C) is observable and 



rank 



{ 



A N 

C 0 



I = n + n 



(25) 



Proof. Using the construction method, we prove Theorem 2. Let I/3 = N. 
Then, the dynamics (19) of the estimation error of Pl-observer (17) becomes 



e 

/ 





(26) 



'A-LiC N] 

-L 2 C 0 J 

values of the matrix Ae can be arbitrarily assigned by the matrices Li and 

^ 5 [C' 0]^ is observable, i.e. 



where Ae = "r! I • Similarly with the proof of Theorem 1, the eigen- 

m be a 

L2 if and only if the matrix pair 



0 0 



rank 



sI-A-N 
0 si 
C 0 



= n + ri 



(27) 



holds for all 5 G C. This condition is equivalent to 



rank 



{ 



A N 
C 0 



when 5 = 0 and 



= n + ri 



rank 



{ 



si -A 
C 




(28) 



(29) 



when 5^0. This implies that under the conditions in theorem 2 the dynamics 
of Pl-observer (16) for the system (8) can be arbitrarily assigned. Therefore, 
the eigenvalues of Ae can be arbitrarily placed at any locations in the left-half 
complex plane when the conditions in theorem 2 are satisfied. This means 
that the dynamics (26) is stabilizable by means of the matrices L\ and L2. 
When the dynamics (26) is asymptotically stable, its solution will converge 
to the equilibrium. Then, from (26) it can be easily seen that 



lim 

t — )-oo 



'e(t) ■ 




0 


./(t). 




limt^oo /(x,M,t) 



(30) 
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3.5 Known Systems with Arbitrary External Inputs 

Theorem 3. Assume that /(x,w,t) is bounded. Then, there exists a high- 
gain Pl-observer for the system ( 8 ) such that x{t) — x(t) ^ 0 (t > 0) for 
any initial states x(0), x(0) and /(O) if 

1 ) (A,C) is observable, which includes 





f 


■ C ■ 




rank < 




CA 






< 







(31) 



where k is the observability index of (A, (7), 

2 ) rank 

3) CA = 0 






= n -h ri ; and 



Proof. Let L 3 = N. Then, analogously with the proof of theorem 2, it is 
easily verified that the dynamics of Pl-observer (17) for the system ( 8 ) can 
be arbitrarily assigned by means of the matrices Li and L 2 if the conditions 
1 ) and 2) in theorem 3 are satisfied. 

Under the selection of L 3 the dynamics (19) of the estimation error be- 
comes (26). When Ag is stable, the solution to (26) will be also bounded 



if f{x,u,t) is bounded. Let 



Li 

L2 



Pi 



Li 

U 



. Then, (26) may be written as 



e 


1 


'A N' 


e 




'Ll' 




'N' 


J_ 


Pi 


0 0 


J. 






Ce 

Pi 


0 



From (32) it follows that 
Ce -0 



(32) 



(33) 



for p — 00 . Differentiating (33) and using (19) give 

Ce = C(A- LiC)e + CN{f - f) (34) 

Prom the condition 3) and (33) we have 

CAe = 0 . (35) 

In the same way under the condition 1) we can obtain 

CA'e = 0 i = 0,l,-,k-l (36) 

Then from (33), (35) and (36) it follows that 

e = 0 (37) 
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due to condition 1). Substituting (37) into (19) gives 

/ - / = 0 (38) 

because of the full-column rank of N. Equations (37) and (38) mean that the 
estimates x and f of the Pl-observer (19) converge to the states x and the 
unknown inputs / of the system (8) when pi goes to the infinity. This shows 
that X and / may approximate x and / in the case of high gains. 

In [23], [25] furthermore it is shown, that this type of observer also can be 
applied in general to systems not completely known with unknown additive 
inputs. In contrast to the mentioned works in the meantime the condition 
for the application of the Pl-Observer to such structures is corrected to the 
conditions 

Pi — )• 00 and 
P2 

> oo with Ls = P 2 N 

Pi 

which gives theoretical hints to understand the observed success of the ob- 
server technique in robotics and machine-dynamics. In this application the 
PIO is applied to known systems with arbitrary external inputs. 



(39) 

(40) 



4 Modeling and Simulation 



Figure 4 illustrates the system to be considered: a torsion-stiff wheelset with 
linear springs c^jh^ ^wv smd dampers d^v for horizontal and vertical 
degrees of freedom. The electric drive is coupled with an elastic torsion spring- 
damper combination cmw^ dMW fo the wheelset. The other constants are 
the motor inertia ©m, the rotational inertia of the wheelset and drive &w, 
and the related mass of the wheelset mw- The modeled degrees of freedom 
are the motor angle (fM , the wheel angle (pw ? the horizontal displacement of 
the wheelset u^x and the vertical displacement of the wheelset Modeled, 
but not given in the illustration fig. 4 are also the modal displacements of the 
rail Ugi^ Ug 2 and the angles for the spatial orientation of the wheelset (pi, (p 2 - 



The equations of motion are given by 



{^M - jv— (^M - ^w) = M (t) 






&M 

dMW 

©M 



©M 

/ . • \ , ^MW / N 2rT;c 

+ — 



©M 



XLii 



+ 



2d„ 



U 21 






+ 



2c^, 

rriu 

2c,. 



©w 

2Tc 



dwz d" T 

rriu, m 



~l^WX — 

; m,ju 

2N 

'^WZ — ~ 9 

rriuj 



(41) 

(42) 

(43) 



(44) 
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Fig. 4. Illustration of the wheelset to be considered 



with the time-dependent normal contact load N, N. The equations are cou- 
pled with the equations for the (modal) rail vibration and mainly due to 
the kinematic equations for the tangential contact force. The corresponding 
equation for the slip rj is in absence of the absolute velocity of the bogie in 
the shown simulation example 



'^wx 

T]=l - ^ 

r(fM 



(45) 



This definition denotes some kind of averaging slip, and has to used with- 
out loss of generality to get not only the elastic slip considering the elastic 
horizontal displacement of the wheelset. For practical purposes (with the 
possibility to measure the absolute speed) the usual definitions using the ab- 
solute speed Vo can be used. 

It should be noted, that there also exists a kinematical coupling between the 
rail, the elastic contact and the disturbance height Az 



d = Ugi Ug2 - Uy^z ^ Az (46) 

of the rail. For the following simulations Az (as a stochastic value) works as 
an exitation. The whole model results as a nonlinear system with 10 elastic 
degrees of freedom. The main features of this model are taken from [13]. 

To get realistic adhesion characteristics the friction coefficient // is stochasti- 
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cally modified. So a much more realistic characteristic as given by the Shen- 
Hedrick-Elkins model (4)-(6) as shown in Fig. 5 is available. 




Fig. 5. Adhesion characteristic with stochastically modified friction coefficient 

It should be noted that the PlO-design is independent from this structural 
and parametrical information. For the PIO only the known parts of (41)-(43) 
are used, the parts including and the other equations are only used for 
the system simulation model. 

4.1 Simulation Results 

For the simulations the input is the torque M(t) as a step function. 

In Fig.l the results for M(t) = 5 • 10^ Nm and for the Pl-Observer using the 
two measurements (fM and u^x are depicted. The upper plot shows the time 
behavior of the tangential contact force (marked as o) and its estimation 
(marked as -f). Then the adhesion characteristic - that is T^/N depending 
on the slip rj - is shown. Here the absolute value of r] is used to get the rolling 
condition 77 = 1 with the used slip definition (45). This first plot shows that 
the observer works very well in the case of using two measurements. 

Next the observer is used with only the measurement of (pM and the same 
torque size as in the first simulation. Fig. 4 shows the results of that simu- 
lation. Again the estimation of the time behavior of the contact force works 
quite well but the adhesion characteristic is only roughly estimated. 

For the same settings as in the first simulation but with a torque twice as 
there the results are given in Fig. 5. This shows that the success is indepen- 
dent of the height of the input. 



The applied torque for the following simulations is again M(t) = 5 • 10"^ Nm. 
For an observer with two measurements with additional noise the results of 
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Contact force and Estimation [Two MeasurementsI 



Fig. 6. a) Time behavior of the contact force and b) adhesion characteristic 



Contact force and Estimation [One Measurement] 
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Contact force and Estiination [Two Measurements] 



-2000 t 



-6000 h 



1.12 



t 

Adhesion and Estimation [Two Measurements] 




0.07 



Fig. 8. a) Time behavior of the contact force and b) adhesion characteristic 



the simulation are shown in Fig. 2. The estimation of the time behavior as 
well as the estimation of the adhesion characteristic is close to the real run 
of the curve. 

Figure 3 shows the result for an observer with two measurements with higher 
noise than shown in the results given with Fig. 2. An additional difference to 
the case before is the consideration of a shorter time slice of the simulation. 
This resolution displays less good estimations of the curves. 



5 Concluding Remarks and Future Aspects 

In this contribution the application of the Proportional-Integral Observer 
(PIO) for model-based model validation purposes within the rail-wheel-sub- 
grade modeling is shown. As a first example the reconstruction of the con- 
tact behavior (usually modeled by contact models) is realized and therefore 
a scheme for contact model validation is implemented. Using a theoretical 
model of a elastic supported wheelset with a nonlinear contact model it can 
be shown by simulations that the linear PlO-scheme is able to estimate the 
nonlinear tangential contact forces. This inside view into the unmeasurable 
contact situation gives the base for advanced adhesion control strategies. 
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The next step is to replace the simulation model by a real system and to com- 
pare the observer values originated with real measurements with the model 
values of the model to be validated. In other applications this comparison 
shows satisfying result [1]. 

Further as an other example the detection of voids within the subsoil is aimed. 
In this additional application the observer estimates the stiffness coefficients 
within the subsoil with the aid of measurements of the normal forces and the 
sleeper angle. 
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Abstract. Maintenance of the quality of the railway track is crucial for the safety 
and the comfort of travelers on high speed trains. We intend to contribute a new 
method to detect deterioration of the track by means of a constant monitoring 
of the dynamic vehicle response to track features. In order to separate significant 
information from the enormous amount of data collected from measurements the 
Karhunen-Loeve-Transformation (KLT) is employed. It is shown that KLT is an 
efficient tool for information compression and for displaying the severity of a track 
failure. Our project was worked out in close cooperation with Deutsche Bahn AG 
(German Rail). 



1 Introduction 

High speed traffic on the Deutsche Bahn AG (German Rail) network has 
continuously increased in recent years. This additional use of the network 
raises questions about the maintenance of the quality of the trackage, which 
is essential for the safety and comfort of high speed travelers. 

It is knowm that the more frequently applied dynamic loads due to the in- 
teraction between railway vehicles, the track and the sub-grade can lead to 
degradation of track quality and, sometimes, premature track failure. To 
prevent such failures or degradation in ride quality, the Deutsche Bahn AG 
performs expensive, frequent inspections of the railway tracks by means of 
special trains designed to perform measurements on the trackage. 

Track geometry is assessed by bi-monthly measurements with an especially 
designed car filled with measurement systems at 200 km/h. In addition, ve- 
hicle reactions are measured with the ICE-S (Intercity Express-S), at high 
speed, every four months. Fig. 1. 

Decisions about what maintenance operations are necessary, and when, are 
based on empirically established threshold values of some parameters of track 
geometry. So far, however, there are no reliable means to predict actual rail 
failure based on variations of track geometry or the actions of excessive forces 
on the track by the train. Thus, it is difficult to schedule maintenance be- 
cause one cannot predict where a failure will occur. Furthermore, there is no 
continuous assessment of small changes of track features, in an attempt to 
predict when the relevant parameters will reach limiting values. 
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Fig. 1. Special measurement train ICE-V, predecessor of ICE-S 



We propose a program to monitor track condition constantly, at low cost, on 
regularly scheduled trains. It is our belief that one can correlate the dynamic 
response of a vehicle with changes in track and support geometry, and thus 
we can assess track conditions by regularly measuring vehicle behavior. 

We start with a description of the problem from a dynamic system point of 
view and present first results of measurements from a real railway track. Then 
we turn to a signal processing point of view. We present the Karhunen-Loeve- 
transformation as a tool for information compression for the expected huge 
amount of data resulting from the constant monitoring. Finally, we demon- 
strate the successful application of the Karhunen-Loeve-transformation to 
data obtained in a small scale laboratory experiment. 

2 Dynamic System 

The mechanical model we have used for the theoretical investigations is shown 
schematically in Fig. 2. The bogie of an ICE train consists of two wheel-sets. 
The distance between these wheel-sets is, however, small compared with the 
length of the coach and, therefore, we merged them to a single wheel-set. 
As has been described in [2], with such a model we can expect fairly good 
correlation between measured loads on a train and simulations based on this 
model. 

Although this model neglects the contact dynamics between the wheels and 
the rails, and reduces the whole track structure (rail, rail pad, sleeper, bal- 
last, sub-ballast, sub-grade) to a single spring damper system, the simulation 
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Fig. 2. Multibody system model: coach, bogie, wheel-set, primary and secondary 
suspension and track 



based on this model allowed a fairly good prediction of track settlement due 
to accumulated dynamic loads. Therefore, we choose this model for our con- 
siderations. 

In [2] it was found that spatial stiffness variations along the track play an 
important role for differential track settlement (which results in a rough ver- 
tical profile or geometry). Thus, it would be highly desirable to reconstruct 
the track stiffness from the dynamic response of the vehicle along the track. 

Let us consider the vertical profile and the varying stiffness along the track 
as input u to the dynamic system U and the measured signals within the 
vehicle as output y. The task described above requires an inversion of the 
dynamic system, Fig. 3. The output of the inverse system u' asymptotically 
copies the original input signal u if and only if the inverse system has unique 
asymptotic behavior [1]. 



u 


E 


y 


^ 1 ^ 




x(0) 




L 5(0) J 



Fig. 3. Inversion of a dynamic system: the output y of the system becomes the 
input of the inverse system. cc(0),^(0) are the initial states of the system and its 
inverse 
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For nonlinear systems, inversion is solved in case they are input-linear [1], 
i.e., that the input u appears only as a linear term in the equations of mo- 
tion. Summing up all basic equations results in x = f{x) g{x) u. Our 
system is, however, not input-linear, as products of the varying stiffnesses 
and the vertical profile occur in the equations of motion. Summing up all 
basic equations results in 
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with the vector of generalized coordinates 
X = [yi a pf Vb zp lof zb ■ 

The generalized coordinates together with parameters of the model are shown 
in Fig. 2, in addition, I is the distance between the rails. The input of the 
vehicle multibody system can be viewed as an excitation by means of a 
track which moves underneath the non moving vehicle. This results in time 
dependent functions of the track stiffness kij and the vertical profile yij^ 
i — F^B , j = L. They are related to their spatial variation via the 
velocity of the vehicle. We do not present the vector f{x,x) explicitly which 
summarizes the forces and moments of the multibody system imposed by the 
springs and dampers which are either linear or nonlinear. 

It is an open question whether such input- quadratic systems are dynamically 
invertible. 

Since we cannot infer from system inversion the track features (stiffness and 
vertical profile) explicitly, we want to detect the variation or deterioration 
of the track implicitly via the variation of the vehicle response. That means 
that we expect the vehicle responses at subsequent journeys under the same 
conditions (track features) to be the same. Thus, we expect variations of the 
vehicle response to result from actual variations of track features. 
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This is not necessarily the case because in a chaotic system, e.g., departing 
from different initial states would produce diverging responses to the same 
input signal. Thus, we require that the dynamic system have unique asymp- 
totic behavior (UAB), i.e., the system response to the same input signal, but 
possibly departing from different initial states, converge to each other. 

The UAB can be checked by considering the difference between any two 
solutions. Thus, one must prove the asymptotic stability of the origin of the 
difference system, 

Ax = Xi-X 2 = f{Xi,Xi) - /(X2,X2). (3) 

This nonlinear difference system can often be put into a linear time-varying 
form. The asymptotic stability of this system can be proven by the application 
of the Kalman-Yacubovitch Lemma [5]. The proof of UAB of our system is 
difficult because of the high dimension of the state space. It is the subject of 
ongoing research. 

Next we present some measurement results in order to check UAB with real 
world data. 

3 Measurements 

We collected bi-weekly measurements with a specific vehicle on a selected 
piece of track in order to evaluate continuous monitoring. We installed an 
inertial measurement unit (IMU) from IMAR Company, Germany, on the 
floor of the coach. The IMU measures three translational accelerations and 
three angular velocities. In this way all six degrees of freedom are determined. 
As we are especially interested in the effects on the vertical dynamics of 
the track, we concentrate on measurements of the pitch angle a and the 
vertical displacement yi. See Fig. 4 for a representative sample of the pitch 
angular velocity a of two subsequent journeys along the same track at the 
same speed (200 km/h) and under presumably the same track conditions. 
The signal-to-distance correspondence along the track was determined by 
means of an additionally recorded signal (50 pulses/m) and the reproducibly 
unique yaw-signal. As the two signals in Fig. 4 are hardly distinguishable, 
the dynamic system actually seems to have the UAB property. 

Figure 5 shows the measured pitch angular velocity d and vertical accelera- 
tion yi of the coach in higher resolution with respect to the distance. Again 
the measurements of both travels nearly coincide. The signals represent the 
response of the coach to the onset of a curve at km 21.2 of the selected 
piece of the track. Apparently, an impact excites some oscillations, which are 
clearly visible. They have a frequency of about 1 Hz (speed was 160 km/h), 
which presumably corresponds to an eigenfrequency of the system (in case it 
is linear). 

It is our belief that changes of the track, e.g., changes of the magnitude of 
the impact, will cause noticeable changes of the response of the coach. 
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Our bi-weekly measurements cover so far only a short period of time and we 
do not have enough data to estimate whether small deteriorations of the track 
are actually detectable in the coach response. Nevertheless, we performed 
small scale laboratory experiments, whereby it is easy to collect as much 
data as desired and to simulate deteriorations of the track by appropriate 
manipulations. 

It is clear that, however, constant monitoring will result in a collection of 
a substantial amount of data, and will require an efficient compression and 
evaluation process. We propose to apply the Karhunen-Loeve-Transforma- 
tion (KLT) for this purpose. For the analysis of spatio-temporal dynamics 
KLT, sometimes called proper orthogoal decomposition, has been recently 
used as an efficient tool for data processing in several disciplines. We briefly 
present the basic idea of the KLT as well as its essential ingredients and then 
demonstrate its successful application to data of our laboratory experiments. 
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Fig. 5. Above pitch angular velocity a and below vertical acceleration yi of the 
coach response to the onset of a curve (at km 21.2) 

4 Karhunen-Loeve-Transformation 

The Karhunen-Loeve-Transformation (KLT) or Proper Orthogonal Decom- 
position originally stems from the field of stochastic processes. A well written 
comprehensive presentation can be found in [3] and an application to a me- 
chanical system is discussed in [4]. The KLT detects basic components of a 
set of stochastic signals by means of its covariance function. An aim can be 
to separate significant components from less significant ones (e.g. noise). 

We intend to apply the KLT to signals to what are presumed to be a de- 
terministic data. The purpose is also to separate the significant information 
from possibly added noise but mainly to extract from a huge set of signals 
its dominant components. 
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Given a set of signals 
u{n,x) with xG[a, 6], 



( 4 ) 



where x is the distance and n the number of the measurement, the KLT 
provides a decomposition 



i{n,x) = y^ai(n)t/>i(a:). 



(5) 



i=l 



The characteristic functions (CF) are denoted by, 'ipiix), representing basic 
patterns and the amplitudes, denoted by ai{n), are their contribution in each 
signal. 

This resembles the well known Fourier transform (FT), where a signal is 
described as a superposition of basic functions (sin(x) resp. cos(x)) multiplied 
by certain amplitudes. The important difference between KLT and FT is that 
the basic functions of the FT are fixed, whereas the characteristic functions of 
the KLT are determined by and thus are specific to the set of signals u{n, x). 
The two basic requirements of the KLT are first, the characteristic functions 
'ipi(x) form an orthogonal basis: 



(V’: 



{x),ipj{x)) = / 'ipi{x)'tpj{x)dx = Sij. 

J a 



( 6 ) 



Second, the amplitude functions a^(n), which are the projections of the signals 
onto this base. 



nb 

ai(n) — {u{n,x),'ipi{x)) — / u{n,x) 'ipi{x)dx 

J a 



are uncorrelated 

-^n (^) (^)) — ^i^ij , 



(7) 



(8) 



where En is the expected value over n. 

These requirements are met by 'ipi{x), which are the eigenfunctions of the 
integral operator 



/’ 

J a 



Tuuix' ,x)'ipj{x)dx = 



(9) 



where ruu{x',x) is the autocorrelation function of the signals 
ruu{^', x) = En{u{n, x') u{n, x)). (10) 

Next, we consider the approximation 
N 

UN{n, a;) = Oi(n) ijjiix). 



i=l 



( 11 ) 
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The energy contents covered by the approximation U]sf{n^x) is 
N N 

En{u{n,x)u{ti,x)) = ’^En{aj{x)) = ^Aj. (12) 

i=l i=l 

Thus, if one chooses the characteristic functions ipi belonging to the N largest 
Xi for the approximation then it covers the highest possible information con- 
tent of the set of signals, and the mean square approximation error is as small 
as possible. 

The efficiency of the KLT arises from the fact that it is optimal in the sense 
that for all N the approximation with the first N characteristic functions cov- 
ers the most information contents of the signals (or the mean square approxi- 
mation error is a minimum) amongst all possible other bases (pi{x),i = 1, ...N. 
We employ this optimality feature for the purpose of best information com- 
pression. 

All this carries quite directly over to the discrete Karhunen-Loeve-Trans- 
formation which we will apply, because every measurement naturally is a 
discrete set of data, where 

u{n,Xi)=u{n) (13) 

with i = 1, ...,d and u € and the characteristic functions, -0^ G R^, are 
the eigenvectors of the covariance matrix 



= ^ (14) 

with 

Cuu = En{u{n) M^(n)). (15) 

The number of measurements on the real railway track was too small to allow 
for a thorough study of the KLT procedure. Therefore, measurements had to 
be produced on laboratory level. 

5 Small Scale Experiment 

We performed small scale laboratory experiments . We installed angular ve- 
locity sensors in the coach in order to collect information from vehicle behav- 
ior for different track conditions. The track is 10m long and allows changes 
of the height as well as of the sleepers. 

We present measurements along a 2 m test section. The sleepers are spaced 
at 20 cm and we varied the height of the sleepers no. 6 and 7 at 1 m and 1.2 
m. 

The measured response is of course a dynamic reaction of the system to the 
impact of track failure. This is also obvious by comparison of the responses of 
the journey there. Fig. 6 and the return journey. Fig. 7, to the same impact. 
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The information contained in this set of signals has to be compressed and 
evaluated efficiently. We apply the Karhunen-Loeve-Transformation in order 
to detect the basic components of this set of signals and their contribution 
to every single signal. 

Often the KLT is applied to the mean value free signal En{u{n)) = 0 in order 
to pronounce the actual variations in the set. We are especially interested, 
however, in variations with respect to the initial signal. Therefore, we apply 
the KLT to the difference signal with respect to the first signal: 

u{n) = a(n) — a(l). (16) 

First we calculate the covariance matrix. Cum of signal set. The eigen- 
vectors of this covariance matrix are the basic components of the set w(n, x); 
the eigenvalues corresponding to the eigenvectors are a measure of their sig- 
nificance (energy contribution). 

The KLT reveals the major features of what we see in Fig. 6. The set of 
signals seems to consist of only one basic pattern, which is contained in each 
signal, with different ‘amplitudes’. Analysis of the eigenvalues of Cuu con- 
firms that only one eigenvector is significant. This eigenvector covers already 
96% of the energy of the set. The second resp. third eigenvector covers merely 
3.4% resp. 0.6% of the energy. Figure 8 shows the first eigenvector, i.e., the 
first characteristic function, Thus, the whole set of signals is well approx- 
imated by the first eigenvector, and its information compressed to a single 
characteristic function and its amplitude function. 

The height of the sleepers no. 6 and 7 was decreased until journey 10 and 
then it was increased again. We conducted two measurement journeys per 
height. Figure 9 shows the first amplitude function, i.e., the contribution of 
the first CF, to each signal. 




O 0.3 0.4 0.6 O.o t 1.2 1.4 1.6 1.B 2 2.3 2.4 



[m] 

Fig. 6. Measured angular velocity (pitch) of the coach under varying track condi- 
tions. The arrow indicates the direction of the train velocity along the track 
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Fig. 7. Measured angular velocity (pitch) of the coach under varying track condi- 
tions, return journey 




Fig. 8. First characteristic function -0^ of the set of signals in Fig. 6 




Fig. 9. First amplitude function: (a) ai(n) contribution of the first CF to each 
journey there, (b) ai as a function of the settling of the sleepers in mm, (c) same 
as (b) but for the return journey 



The first amplitude function reveals: First, it is nearly identical for identical 
track conditions (for the two journeys per height). Second, ai is nearly inde- 
pendent of the history of the height of the sleepers, i.e., there is no hysteresis 
in Fig. 9 b and c. Third, ai is nearly a linear function of the settling of 









242 



Ute Feldmann et al. 



the sleepers in mm. Fourth, although the first characteristic function of the 
return journey is completely different from the one of the journey there, its 
amplitude reflects the severeness of the failure in the same way. 

The application of the KLT to the data of our small scale laboratory ex- 
periment shows that the Karhunen-Loeve-Transformation is an efficient tool 
for information compression. It is also capable of displaying the severity of a 
track failure. 

6 Evaluation of Full Scale Measurements 

Measured data from real tracks look different than those from small scale 
experiments for several reasons: 

• The vehicle dynamics is influenced by primary and secondary suspension. 

• The railway track is a complicated structural component with respect to 
geometry and dynamics. 

• Weather and climate. 

Data from three journeys already span a three dimensional manifold, whose 
information is not compressed by three CFs resp. one reference signal and 
two CFs in the strict sense. The variations within one signal ensemble are 
relatively large compared to the expected changes of the track within a short 
measurement periods. Therefore it seems that not the variations in the signal 
ensemble (difference e.g. to the mean of all data) contain important data but 
just the mean of the ensemble at best. If not the changes are to be approx- 
imated in an optimal sense, but the entire information of the signal ensem- 
ble, only the original data can be used. In general, it can be assumed that 
more measurements produce a larger data ensemble, which spans a higher 
dimensional manifold. To the same amount more CFs are needed for a good 
approximation. But, more CFs give more information about the deviations 
of the signal for almost the same track rather than about the track itself. The 
question, whether the KLT can produce significant information beyond the 
simple mean of all data from subsequent journeys, can not yet be answered. 
Even the assumption that the dynamic reactions of the train on a prominent 
excitation are rather clear and dominant, cannot be certified in all cases. 
This can be exemplified with measured data obtained on the new high speed 
track between Hannover and Gottingen. Figure 10a depicts the angular ve- 
locity of the pitch angle between stations km78.25 and km78.55 of three 
journeys. The same signal, but low pass Altered (5Hz LP) is shown in Fig. 
11a. At station km78 a curve begins with a ramp of the outer rail. This ramp 
ends at station km78.3 . Obviously the ramp causes vibrations of the car 
body. But as synchronous the oscillations are at all three journeys as obvious 
the differences are between the three journeys. In addition, these differences 
are larger than the differences at the ‘normal’ part of the track before the 
ramp. Figures 10b and lOd show the first and the second CF of the original 
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(a) 





(d) 



(e) 



Fig. 10. KL-Transformation of three angular velocities of the pitch angle, (a) Entire 
ensemble, (b), (d) First and second CF of the original data, (c) Mean of all data, 
(e) First CF of the data after subtraction of the mean value 



signals. For comparison the mean of the data (Fig. 10c) and the first CF of 
the signal with the mean value subtracted (Fig. lOe) is placed to the right 
of the corresponding plots. Here the first CF of the KLT of the measured 
signals essentially corresponds to the mean of all signals (see e.g. Fig. 11c). 
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Apart from signs, which are not fixed at characteristic functions because of 




(a) 




Km 



(b) 




(d) 
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(c) 




Km 



(e) 



Fig. 11. Same as Fig. 10, but the original data filtered (5 Hz LP) 



the similarity of characteristic functions to eigenfunctions, and from scal- 
ing the adjacent curves are in good agreement. This implies that the most 
important information (the first CF of the original signal) is more or less 
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equivalent to the mean of all data of subsequent passages. In this very case 
the computation of the KLT is not necessary, strictly speaking. 



7 Evaluation of the Results and Outlook 

In principle, measurements obtained by our measurement platform on regu- 
larly scheduled trains are technically feasible. For the purposes of anti-skid, 
pulses from a free running axle are normally processed, anyway, and the 
Indusi-signals of the track monitoring system are registered as well, e.g., for 
the automatic control of trains when signals are overlooked. At any rate, the 
transmission of these signals to the measurement platform means a certain 
technical effort. 

In order to evaluate if such an effort is worth-while, apart from the explana- 
tions already mentioned the following has to be pointed out: 

By experimental means was proved that the reactions of the vehicle depend 
substantially on the vehicle itself (non-roundness of the wheel etc.), i.e. the 
reactions do only depend on the track. When looking for alterations in the 
signals of the vehicles, e.g., by means of the KL- Transformation, the question 
arises whether these changes result from alterations of the vehicle or of the 
track. Or put in different words: What has worn more rapidly, the vehicle or 
the track? Is it possible to distinguish these effects, e.g., by filtering? This, 
of course, assumes linear superposition of the effects. 

From the actual state of the art this question cannot be answered. One pro- 
posal is to find out by as many measurements as are statistically significant 
if the effect of outliers can be eliminated. 

One indicator of an ‘interesting’ position can be the variance of the ensemble 
of consecutive rides as function of the position. The kind of the dynamic 
reaction can be observed at best by the mean value of all rides. But all 
significant reactions observed up to now were identical, though: vibrations 
with a frequency of roundabout 1 Hz. 

Whether the kind of defect tracks or even a slow development of defects can 
be detected from these signals, cannot be answered without further detailed 
tests and evaluation of the large amount of measurements. 

8 Conclusion 

This article describes an approach for a continuous track survey in the Deut- 
sche Bahn AG railway network. With this approach a systematic and com- 
parative inspection and assessment of railway tracks will be possible. Instead 
of expensive special measurement trains, we need only relatively inexpensive 
equipment installed in the coach of a wagon. 

The first idea is to detect the track settlement due to accumulated dynamic 
loads by means of an inverse dynamic system that reconstructs the original 
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input, the track features, from measurements in the coach. Due to the input- 
quadratic character of the system, however, this approach is not applicable. 
We present real world measurements. They indicate that the dynamic vehicle- 
track system has unique asymptotic behaviour, such that we can expect vari- 
ations of the vehicle response to stem actually from variations of the track 
or the vehicle. 

It is understood that the dynamic response of the vehicle, i.e. the measured 
signals, are influenced by track irregularities and vehicle features like worn 
wheels and damaged bogies. It is our belief that the variation of the ve- 
hicle response contains signiflcant information about the variation of the 
vehicle-track system. The speciflc response (e.g., a certain periodicity for 
worn wheels) should allow to separate different kinds of failures from each 
other. 

In order to handle the enormous amount of data obtained from the measure- 
ments we apply Karhunen-Loeve-transformation (KLT) for data compres- 
sion. The successful application of KLT to a small scale experiment shows 
that efficient information compression is possible and it enables us to measure 
the severeness of a failure. 

9 Acknowledgment 

The authors are indebted to the DFG (Deutsche Forschungsgemeinschaft /Ger- 
man Research Foundation) for funding the work under the contract Kr 752/18- 
1,2. Moreover, we would like to thank Deutsche Bahn AG for the opportunity 
to perform the measurements. 

References 

1. Feldmann, U., Hasler, M., and Schwarz, W. (1996) Communication by chaotic 
signals: the inverse system approach. Int J Circuit Theory and Applications 
24(5), 551-579 

2. Frbhling, R. (1997) Deterioration of railway track due to dynamic vehicle load- 
ing and spatially varying track stiffness. Ph.D. thesis, University of Pretoria, 
Pretoria 

3. Holmes, P., Lumley, J., and Berkooz, G. (1996) Turbulence, coherent structures, 
dynamical systems and symmetry. Cambridge University Press, Cambridge 

4. Kreuzer, E. and Kust, O. (1996) Analysis of long torsional strings by proper 
orthogonal decomposition. Archive of Applied Mechanics 67 , 68-80 

5. Vidyasagar, M. (1993) Nonlinear Systems Analysis. 2nd edn. Prentice-Hall, En- 
glewood Cliffs N. J. 




Combined Modelling of Discretely Supported 
Track Models and Subgrade Models — 
Vertical and Lateral Dynamics 



Ulf Gerstberger^, Klaus Knothe^, and Yongfang Wu^ 

^ Technische Universitat Berlin, Institut fiir Luft- und Raumfahrt, 

Marchstrafie 12, 10587 Berlin, Germany 
^ Shenzhen Metro Co. Ltd., 

9/F., No. 4009 Shennan Road, 518026 Futian District, Shenzhen, China 

Abstract. In the present paper, a frequency domain model for vertical and lateral 
dynamics and two time domain models for vertical dynamics of the ballasted track 
are described. All models take into account the subgrade behaviour using halfspace 
theory. The frequency domain model is discussed in detail with respect to the 
algorithm for infinite periodic structures which are used for the derivation of the 
governing equations. As regards the time domain models, emphasis is placed on the 
particular capabilities to simulate non-linear behaviour. For each model presented 
in the paper, the results of numerical analyses dealing with vehicle/track interaction 
are given. 



1 Introduction 

Objectives. A number of models have been published in literature dealing 
with the dynamic behaviour of ballasted tracks in the frequency or time do- 
main, some also including subgrade models. However, a more sophisticated 
accounting for the subgrade often leads to time-expansive algorithms, espe- 
cially in the time domain. In the following text, models are presented which 
allow for simulations of vehicle track interaction including the underlying half- 
space on the one hand, and using comparatively fast algorithms on the other 
hand. The main focus is the determination of loads within the entire system 
of vehicle track and subgrade at high speed traffic. The models may provide 
tools for investigations concerning long-term behaviour, life-cycle costs and 
safety issues. 

Mechanism of Excitation. The relevant mechanisms of excitation com- 
prise out-of-round wheels, rail-surface irregularities and parametric excita- 
tion. These are considered in both frequency and time domain while the 
impact of voided sleepers on the dynamic loads within the track is dealt with 
in time domain, only. The frequency domain analysis is restricted to the mid- 
frequency range up to 600 Hz which is the relevant range for the mechanisms 
of excitation considered. The two time-domain models presented in the arti- 
cle are capable of simulating non-linear behaviour of the track, such as lift-off 
of the wheel from the rail or non-linear material behaviour. 
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2 Frequency Domain Model for Vertical and Lateral 
Dynamics 

Algorithm for Infinite Periodic Structures. In the frequency domain 
the ballasted track is considered as an infinite, periodic structure placed on 
an elastic halfspace. The smallest unit of the periodic structure comprises the 
section of the rails between two sleepers, the discrete support of the rail and 
the underlying halfspace. The characteristic length of the system is given by 
the sleeper distance /g. 

Using the eigensolution of the state vector of an arbitrary unit of the model 
it is possible to define boundary conditions of the infinite structure of the 
track. Subsequently, the infinite structure is excited by harmonically oscillat- 
ing loads in vertical and lateral direction. 

The loads are applied to the rail-head of the discretely supported rail at an 
arbitrary position along the track. As the track’s geometry is assumed to be 
symmetrical with respect to the longitudinal axis of the track, any loading 
condition can be split up into a symmetric and antimetric component. 



Model of the Discrete Support. Cross-sections of the track-model are 
shown in Fig. 1. In the cross section on the left hand side, the degrees of 
freedom of the rail, the support structure and the subgrade are given. It 
should be noted, that in the case of the subgrade, the degrees of freedom 
represent loads acting on the surface of the subgrade. In the cross section 
depicted on the righthand side of Fig. 1, the load vectors Ri and Ti acting 
on the support structure are shown. 

The support structure comprises the rail-pads, the sleeper, the sleeper-pads 
and the ballast. The pad is modelled by an elastic element with visco-elastic 
or structural damping. Due to the frequency dependence of the damping of 
common rail-pad materials, the use of structural damping may be preferred 

[3]. 

The sleeper is modelled as a rigid mass with additional elastic modal degrees 
of freedom to account for the first symmetric and antimetric bending mode 
of the sleeper. Further elastic modes may be accommodated in the model if 
necessary. No rotation of the sleeper around the vertical axis of the track is 
allowed. 

The ballast is modelled using discrete blocks beneath the area of contact 
of the sleeper and the ballast layer. The mid-span section of the sleeper is 
assumed to be a no-contact area. In vertical direction the cross-sectional area 
of the block varies in accordance with the angle of load-distribution within the 
ballast material. Each block of ballast is modelled as a short rod in vertical 
direction and as a short section of a beam with respect to the lateral direction 
and the rotation around the longitudinal axis. For the mechanical model a 
FE-formulation is used, with each block discretized by one finite element. 
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axis of symimetry 




Fig. 1. Cross-sections of the model of the infinite, periodic track with degrees of 
freedom (left) and the loads acting on the discrete support i (right) 



It is assumed that the ballast block does not exhibit rotations around the 
lateral axis and no translations along the longitudinal axis of the track. 

Due to the harmonic excitation of the track, all forces and displacements 
oscillate harmonically as well. Thus, time and spatial dependency of the forces 
and displacements can be separated: 



F{x,y,z,t) = F{x,y,z)e‘^^ and u{x,y,z,t) = u{x,y,z)F^K (1) 

Considering the support structure in Fig. 1 only, it can be seen that “external” 
loads act on the pad (Ri) and the ballast block (Ti). Therefore, internal 
degrees of freedom can be eliminated, leading to the following composition 
of the vector of unknowms of the support structure i: 



7 5 /^r,a: ? /^r,y 5 /^r,2: } and — {^665 ^66 ? } 7 (2) 

where Ur,i is the vector of degrees of freedom of the rail and Ub,i is the vector 
of degrees of freedom of the ballast block in the area of interaction with the 
subgrade. Application of the principle of virtual work yields the following set 
of complex algebraic equations for the support structure: 



Kii Ki2 J Ur,i 1 _ / \ 

KT K22J \u„,i / - \ _fj • 



( 3 ) 



The vectors Ri and T{ contain six loads acting in the rail-pad and three 
loads acting on the ballast block, respectively. 
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Model of the Rail. With respect to both vertical and lateral vibrations, the 
rail is modelled by Timoshenko-beams with shearing and bending stiflFness. In 
longitudinal direction the rail is modelled as a torsional rod. No translation 
in longitudinal direction is allowed. The discretely supported, infinite beam 
is described by a set of two coupled 2^^ order differential equations given 
below: 



El 



d‘^/3r{x, t) 
dx‘^ 



— GAs{/3r{x^t) -h 



dWr (X,t) ^ t) 



+ 00 

= ^(a; - jls) kp{l + ir])A/3{jls, t) 

— OO 



^d!3r{x,t) , d^Wr{x,t)^ d^Wr{x,t) 
+ dx^ ^ ~ dt^ 

+ 00 

= -Q{t)S{x) 4- Y , 



(4) 



(5) 



where El and GAg is the bending and shearing stiffness and Wr{x,t) and 
Prix^t) denote the displacement and the rotation of the cross-section of the 
beam. Indices denoting the direction of displacement and the axis of bending 
have been omitted, as the set of equations is applied for both vertical and 
lateral vibration of the beam. 

In the case of torsion, the infinite rod with discrete support is described by 
one 2^^ order differential equation: 



GIt 

+ 00 



d‘^l3r,x{x,t) , d^/3r,x(x,t) 

l^r,xx 



dx2 ^r,xx 

= -M^(t)5{x) + '^S{x - jls) kp^xx{l- + i'n)^I^Uh,t ) , 



( 6 ) 



where GIt and jir^xx are the torsional stiffness and mass moment of inertia 
of the rail, respectively. 

Shape functions for finite element discretization satisfying the differential 
equations are given by Kolousek [7] - due to inertia effects, they are frequency 
dependent. Since the inertia effects of the mass of the rail are taken into 
account by the shape functions, the section of the rail between two supports 
is discretized by one finite element only. At the location of each support, five 
degrees of freedom of the rail exist: 



^r,i — \^^r‘)Hr')Pr,X’!Pr,y')Pr,z}i' (f) 

Obviously, the model of the rail does not account for independent distortions 
of the rail head and foot - mode shapes of the rail which become more 
important in the higher frequency range beyond 600 Hz. 
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By introducing the harmonic expressions given in (1) for the forces and dis- 
placements, the algebraic set of equations for the unloaded section of the rail 
between two supports yields the following expression in matrix notation: 



Sll Si2 f Ur,i 1 _ I Qi \ 

^12 S22 j \ —Qi^i j 



( 8 ) 



where the vectors Qi and Qi+i comprise the cross-sectional forces and mo- 
ments of the rail. 



Formulation for the Subgrade. At the centre-point of the contact-area 
of the ballast block and the subgrade, two forces and one moment are trans- 
mitted onto the subgrade. A relation between the loads in vector Ti and cor- 
responding displacements and rotations Uf^i of the subgrade is given by the 
halfspace theory. The halfspace may either be homogeneous or horizontally 
layered and the dynamic behaviour is described by three material parameters: 
the density (p), the shear- wave velocity (cg) and the Poisson’s ratio (z/). 

In general, the receptance is a scalar value defined by the fraction of the 
values of the displacement (or rotation) of the surface of the halfspace and 
the load. The receptance Hij determined at the location i due to a unit load 
at location j is given by: 




With respect to the periodic structure of the track, the case i — j yields the 
direct receptance Hq 0 , whereas the cases i / j yield the transfer receptances 
Ho,j. 

Applying a receptance formulation for the subgrade of the track, scalar values 
of displacement and rotation Uf^i in the area of contact of any ballast block 
i can be expressed in terms of the loads acting in the area itself and in the 
area of contact i ± j of the adjacent blocks of ballast and the halfspace: 



Hoj -b Ti_j| , (10) 

i=i 

where M is the number of transfer receptances taken into account. Due to the 
periodicity of the track model a single set of direct and transfer receptances 
is valid for the receptance formulation of each support structure of the track 
model. 

For reasons of simplification, the matrices of the receptance formulation have 
elements on the diagonal only. This corresponds to relaxed boundary con- 
ditions in the area of interaction of ballast and subgrade. However, the ap- 
plication of non-relaxed boundary conditions, i.e. the incorporation of the 
complete matrix, is also possible. 
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Ho.,' = 



r^o.,' 0 0 1 

0 0 
0 0 



( 11 ) 




Fig. 2. Areas of interaction of the ballast blocks and the subgrade {left) and load 
distributions of unit loads {right) for the determination of the subgrade’s recep- 
tances 



Compatibility between the loads and the degrees of freedom of the ballast 
block Ti and Ub,i on the one hand, and the loads and distortion of the surface 
of the halfspace Ti and Uf^i on the other hand, needs to be accomplished. 
Therefore, the two forces and one moment acting on the ballast block are 
transformed into equivalent constant and linear pressure-distributions act- 
ing in the areas of contact of ballast blocks and subgrade on the surface of 
the halfspace as shown in Fig. 2. As can be seen on the righthand side in 
the figure, the vertical and lateral forces are represented by constant pres- 
sure distributions whereas the moment is transformed into a linear pressure 
distribution in vertical direction. 

Compatibility of the degrees of freedom of the ballast block and of the halfs- 
pace, however, is achieved by determining mean values of the displacements 
and the rotation of the halfspace in the areas of contact. The mean values 
Uf^i are then assigned to the centre-points of the areas of contact. 



Eigensolution of the Infinite Track Model. The units of the periodical 
structure of the track are coupled via the rail as well as via the subgrade. 
Within the layer of ballast coupling is assumed to be negligible and is there- 
fore not taken into account. The infinite model of the super-structure of the 
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track is put together by attaching the rail sections at the location of the dis- 
crete supports. At any support i the equilibrium of the forces and moments 
reads: 



Qi,L - Qi,R Ri = 0 , (12) 

where Qi^l and Qi^n are the cross-sectional forces of the rail sections given in 
(8) and Ri denotes the loads due to the discrete support in (3). Considering 
the unloaded track, the procedure yields an infinite set of algebraic equations 
for the unknown vectors Ur^i and 
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The righthand side of (13) comprises the loads Ti acting between the blocks 
of ballast and the subgrade. The loads, however, are unknown values and 
therefore are introduced into the vector on the left hand side of the equation. 
Subsequently, the receptance formulation (10) is incorporated into the infinite 
system of equations by substituting Uf^i in (10), taking into account the 
compatibility of the degrees of freedom of the ballast and the subgrade: 



f li 



(14) 



Finally, the degrees of freedom of the ballast are eliminated and the 
infinite system of equations yields: 
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where the number of matrices D 2 , . . . Dm, i-e. the bandwidth, depends on the 
number of transfer receptances taken into account in the formulation (10). 
At each support, the state vector comprises the degrees of freedom of the rail 
and the loads acting between the ballast block and the subgrade: 

Ui=^^Ur,f^^, (16) 

as all other degrees of freedom of the support structure have been eliminated. 
By considering only one hyperrow of the infinite set of algebraic equations 
of the unloaded track model, for instance the row of vector the problem 
can be transformed into an eigenvalue problem. The complete eigensolution 
of the state vector Ui comprises N eigenvectors and eigenvalues. The k-th 
eigenvector of the eigensolution reads 

= (17) 

where N depends on the number of transfer receptances taken into account 
in (10). 

The eigenvectors of the two adjacent units, are characterised by the 

fact that they only differ from vector cpk hy di constant factor, the symplectic 
eigenvalue A: 



^k,i-l = ji^lk (18) 

. (19) 

The eigenvalues are determined by introducing the expressions 



1 

Ui—i — A^^ 
Ui-^1 — Aii-2 



( 20 ) 

( 21 ) 



into the hyperrow i in (15) leading to a system of algebraic equations with 
coefficients which are functions of the eigenvalues A and j. The characteristic 
polynomial of the eigenvalue problem, a polynomial of the order of N, can be 
derived as a function in (A + ^) . Subsequently, the 2 x N eigenvalues can be 
determined from the complex roots of the polynomial. They occur in sets of 
two values Xk and A^ where one eigenvalue is the reciprocal of the other. Since 
the eigenvalues are symplectic, the eigensolution is split up into two parts. 
The eigensolution of one set of eigenvalues satisfies the boundary conditions 
for j -> +00 and the eigensolutions of the other the boundary conditions for 
j - 00 . 

Having determined the complex eigenvalues, the corresponding eigenvectors 
can be extracted from the algebraic system. The complete solution of the 
state vectors, yields two separate expressions. 
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• for j > 0 and \Xk\ < 1: 

Ui = if>ikQk and ut+j = = '4’j,ikQk and (22) 

• for j < 0 and j-^^l < 1: 

Ui = ^°kQk and = ^i’fkQk = ^\j\,ikQk ■ (23) 

Once the complete eigensolution of the state vector Ui is determined, it is 
possible to set up the system of equations of a loaded section of the infinite 
track. Loads applied to the rail-head at an arbitrary location can be trans- 
formed to nodal loads acting on the rail at the location of the supports of 
the rail section considered. 

Using the eigensolution in expression (22) and (23), boundary conditions 
for the infinite structure extending on both sides of the rail section can be 
formulated. The solution of the resulting linear set of equations yields the 
unknown multipliers qk and qu of the eigensolution from which the solution 
for all state vectors of the infinite structure can be generated. 



Results of Wheel/Track Interaction. By applying a harmonically oscil- 
lating load to the rail, the displacements of all components and loads acting 
within the infinite model can be determined. However, it is often of partic- 
ular interest to express the dynamic behaviour of the track in terms of the 
receptance of the rail. The receptance is a function of the complex frequency 
of excitation {if}) and in the case of vertical excitation it is defined by: 



Hrail {if}) 



Wr{x = Xo) 

Q z{x — :to) 



(24) 



Considering linear behaviour only, the vertical interaction of a wheel-set and 
the track due to a harmonic out-of-round of wheel with amplitude Az can be 
simulated in the frequency domain. Gyroscopic effects as well as the variation 
of stiffness of the track due to the discrete support are neglected, as the effects 
on the contact force are minor in comparison to the effect of the out-of-round 
of wheel. The determination of the vertical dynamic load at the contact of 
wheel and rail yields a simple formula: 



AQdyn ~ . I . 1 7 ( 2 ^) 

where c/f , Hrail and Hyjheei are the Hertzian contact stiffness and the recep- 
tances of the track and the rigid wheel-set, respectively. 

In Figure 3 the variation of vertical dynamic force at the contact of wheel 
and rail is plotted over the range of frequencies up to 200 Hz. The amplitude 
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Fig. 3. Vertical dynamic 
force between rail and 
wheel due to a harmonic 
out of round of wheel with 
amplitude Az = 0.1mm 
[1]. The two curves rep- 
resent the cases of a 
standard track with stiff 
{straight line) and with 
soft subgrade {dotted line) 



of out-of-round of wheel is Az = 0.1 mm and the parameters of the wheel-set 
correspond to a 51002 wheel-set. The parameters of the track are given in 
Tab. 1. The two curves depicted in the diagram in Fig. 3 correspond to the 
results for a stiff and a comparatively soft subgrade, indicated by the shear 
wave velocity (cg). Below the two curves the Campbell diagram is given, 
correlating the velocity of the wheel-set to the corresponding frequency for 
the harmonics n = 1, . . . , 6. 



Table 1. Parameters of the track model of a standard track with B70 concrete 
sleepers and ZW 700 rail-pads on homogeneous halfspace. 



rail-pad ^ 
kp [N /mm] 


sleeper 
T] [-] rus [kg] 


ballast 
hb [m] 


Pb [kg/m®] 


Eb [N/m®] 


subgrade 
psub [kg/m®] 


150,0 


0.13 284.0 


0.3 


1800.0 


2.0810® 


1800.0 



^ complex dynamic tangent stiffness kp{l -h ig) 



Using the Campbell diagram, it can easily be deduced that in the case of 
the stiff subgrade {cg = 300 m/s) and a “triangular” out-of-round of wheel 
{n = 3) the maximum dynamic force occurs at a velocity of approximately 
200 km/h. The load is considerably lower in the case of the soft subgrade. 
The results confirm the dominant influence of the subgrade on the dynamic 
force in the mid-frequency range. 
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3 Fast Time Domain Model for Vertical Dynamics 

Nonlinear Behaviour. If one is interested in the loads acting between 
wheel and rail due to out-of-round wheels, the essential range of frequencies 
is up to 600 Hz. The vertical dynamic behaviour of the track in this range 
of frequencies is thoroughly described by the receptance of the rail (24). 
However, the validity of frequency domain models in general is limited, due 
to the fact that the dynamic loads must not exceed the static loads. In the 
case of total unloading, lift-off of the wheel from the rail is most likely to 
occur and non-linear contact formulations have to be used to simulate the 
interaction of wheel and rail accurately. 

The model described in this section will be referred to as the “fast time- 
domain model”. It is based on linear models of the track and the wheel-set 
but a non-linear contact condition between wheel and rail. The excitation 
due to out-of-round wheels or rail surface irregularities is incorporated in the 
formulation of the relative displacement of wheel and rail leading to dynamic 
vibrations of the entire system. 



Time Domain Model of the Track. The transformation of the track 
model into time-domain is achieved by means of approximation of the track 
receptances. Based on the approximation function, the track model can be 
described in terms of ordinary differential equations which are dealt with 
using standard time-step integration algorithms. 




System 1 




Fig. 4. Mechanical models 
corresponding to the differen- 
tial equations (28) {left ) and 
(29) {right ) [9] 



For the approximation of the complex receptance of the rail (24), broken- 
rational functions are used. The order of the denominator polynomial is cho- 
sen to be by one greater than the order of the enumerator polynomial to 
allow for general application of the procedure for track receptances (see also 

[9]): 



Rs{iO) 



uq T ni(iI2) -h (X2{if^y^ T * * * T nn_i(zf?)^ ^ 
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(26) 



The broken rational function can be split into a sum of partial fractions using 
partial fraction expansion: 
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Co + do{if}) “ 



(27) 



Considering the harmonic approach given in (1), each of the partial fractions 
is interpreted as the receptance of a distinct mechanical model. The differ- 
ential equations corresponding to the partial fractions are of first and second 
order: 



(Pwj , dwj .. 



dB 



■ + 0 



dt 



ao —— -r CQ Wo - 
at 

A dF ^ 

’ ~ dt ^ 



(28) 

(29) 



The order of the denominator polynomial determines the number of the 2^^ 
order differential equations obtained from the partial fraction expansion of 
the approximation function. Furthermore, in the case of an uneven number 
of the order of the polynomial, no order differential equation occurs. 
Appropriate mechanical models for the differential equations are shown in 
Fig. 4. It can be depicted from the figure that rco, . . . , rcj are internal degrees 
of freedom of the models. However, their sum yields the receptance of the 
rail. 

The receptance (24) varies in longitudinal direction of the track depending 
on the position of the excitation force. Therefore, the parameters of the time- 
domain model of the track are periodic functions of the longitudinal axis of 
the track. It should also be noted, that the algorithm is not restricted to 
numerical data, as receptances obtained from field measurements may also 
be approximated using broken-rational functions. 



Results from Wheel/Track Interaction. In many cases, the influence 
of the variation of stiffness along the track can be neglected as the influence 
of parametric excitation on the contact force of wheel and rail is minor in 
comparison to the influence of out-of-round wheels. In the following exam- 
ple, a track model with constant parameters has been used. The vehicle is 
modelled as a rigid wheel-set with primary suspension. The wheel-set is fixed 
to an inertial system which travels at constant velocity along the rail. The 
gravitational force of the car-body and the bogie is applied at the primary 
suspension. The contact between wheel and rail is modelled using a non-linear 
Hertzian contact spring. 

In the diagram in Fig. 5 the receptance of the track model and the approxi- 
mation are depicted. The parameters correspond to standard track with B70 
concrete sleepers and a stiff rail-pad [6] on a stiff subgrade {cg = 300 m/s). In 
the figure, the mechanical model of the track derived from the approximation 
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Frequency [Hz] 



Fig. 5. Absolute value and 
phase angle of the receptance 
and the approximation func- 
tion of a standard ballasted 
track with B70 concrete sleep- 
ers, a stiff rail-pad and a stiff 
subgrade (cs = 300 m/s). The 
sketch in the top diagram rep- 
resents the mechanical model 
of the track derived from the 
approximation function 



is shown as well. As can be seen in the sketch, the model is composed of four 
elements from the two types shown in Fig. 4. 

In Figure 6, results from a non-linear analysis of wheel-track interaction are 
given in terms of the variation of the vertical contact force between wheel 
and rail. The system is excited by a harmonic out-of-round of wheel with a 
“triangular” pattern (n=3). The two curves correspond to the two different 
amplitudes of out-of-round of wheel considered. It can be seen in the plot, 
that in the case of the amplitudes of out-of-round of Az = 0.1 mm the vertical 
dynamic load in the wheel/rail contact exceeds the static load and lift-off of 
the wheel from the rail occurs at regular intervals. 

4 General Time Domain Model for Vertical Dynamics 

General Non-Linear Behaviour. In order to account for a greater variety 
of non-linear mechanisms in the superstructure of the track, more complex 
time-domain models have to be used. In the following, a non-linear time 
domain model is presented dealing with the vertical interaction of a vehicle 
travelling at a constant velocity along the ballasted track. The model, referred 
to as the “general time-domain model”, allows for analyses concerning the 
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Az = OJ inm Az = 0.2 mm 




Fig. 6. Variation of vertical force between wheel and rail due to a harmonic out-of- 
round of wheel (n=3). The amplitude of out-of-round of the wheel is varied between 
Az = 0.1 mm (straight line) and Az = 0.2 mm 
(dotted line) 



effects of out-of-round wheels, the variation of the track stiffness and voided 
sleepers on the dynamic behaviour [6]. The model is capable of simulating 
lift-off phenomena of the wheels from the rail, the sleepers from the ballast 
and also of the ballast from the subgrade. Voided sleepers can be pre-defined 
at arbitrary positions along the finite track and the incorporation of a non- 
linear material-law for the ballast is feasible. The latter may be of particular 
interest regarding investigations concerning ballast deterioration and long- 
term behaviour. 

A sketch of the mechanical model of the track and the vehicle is depicted 
in Fig. 7. The rail is modelled as a discretely supported Timoshenko-beam 
with additional elastic modal degrees of freedom using one finite element for 
the section of the rail between two supports. The structure of the discrete 
support is similar to that described in section 2. The combined stiffness of 
the rail fastening and the rail-pad as well as the stiffness of the sleeper-pad 
are modelled by spring and dash-pot in parallel. However, in contrast to the 
frequency domain model, the elastic elements assume non-linear visco-elastic 
behaviour. The contact between ballast block and the subgrade allows for 
lift-off of the ballast block from the surface of the subgrade. The model of 
the track is finite and the boundary conditions at both ends of the model are 
chosen in such a way as to form a ring-model. The number of sleeper-spacings 
to be taken into account depends on the demand for the influence of revolving 
waves propagating in the rail to remain negligible. The model of the vehicle 
is composed of rigid bodies representing two wheel-sets, the bogie and half of 
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raii 






Fig. 7. Sketch of the 
“general time domain 
model” for vertical 
dynamics. The vehi- 
cle moves with con- 
stant velocity along 
the ballasted track 
with discretely sup- 
ported rail and un- 
derlying halfspace 



the car body. The vertical plane intersecting the longitudinal axis of the track 
is the plane of symmetry with respect to the model and the mechanisms of 
excitation. 



Time Domain Model of the Subgrade. The model of the subgrade is 
based on vertical direct and transfer receptances given in (9) of the halfspace 
derived from frequency domain analyses. The receptances of the subgrade are 
approximated using broken-rational functions and subsequently transformed 
into time domain. The procedure of derivation of the mechanical models is 
described in detail in section 3 in the case of the receptances of the entire 
track. 

The system of mechanical models corresponding to the direct and transfer 
receptances of the subgrade are attached “in row” to the degree of freedom 
of the ballast below each support. In Figure 8 the absolute value of a direct 
receptance and of the approximation function is plotted over the range of 
frequencies up to 400 Hz. Furthermore, the mechanical model derived from 
partial fraction expansion of the approximation function is depicted. 

The coupling condition in the receptance formulation (10) of the subgrade 
determines the total number of mechanical models taken into account. For 
instance, for a stiff subgrade (cg = 300 m/s) the consideration of two trans- 
fer receptance suffices, leading to three subgrade models beneath each ballast 
block. In the case of softer subgrade materials, a greater number of recep- 
tances has to be taken into account, leading to more mechanical models 
attached to each ballast block. Consequently, the total number of degrees of 
freedom of the entire system of vehicle, track and subgrade depends on the 
number of sleepers taken into account and the stiffness of the subgrade. 
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Fig. 8. Direct receptance of a stiff subgrade (cs = 300 m/s) and its approximation 
by a broken rational function. The set mechanical model was derived from the 
approximation and the corresponding ordinary differential equations can be used 
for time-step integration 



Results from Vehicle/Track Interaction. A vehicle running over a track 
with voided sleepers inherently induces non-linear behaviour into the mechan- 
ical system. The dynamic behaviour of the system depends on the particular 
combination of out-of-round wheels and void patterns along the track. 

In the following example, a standard ballasted track with B70 concrete sleep- 
ers, a stiff rail-pad and a stiff subgrade has been used [6]. The mechanical 
model of the direct receptance of the subgrade is given in Fig. 8. The model 
of the vehicle corresponds to an ICE passenger car. In the analysis, a track 
model with 30 sleepers has been considered. In this case, the total number of 
degrees of freedom of the entire system of vehicle, track and subgrade yields 
900. 

In Fig. 9 the variation of vertical contact force between the trailing wheel and 
the rail along a 10 m section of the track is shown. In the plot, three curves 
are depicted, corresponding to three different combinations of void-patterns 
and out-of-round of wheels: 

1. a vehicle with out-of-round wheels on a track without voided sleepers, 

2. a vehicle with ideal round wheels on a track with voided sleepers and 

3. a vehicle with out-of-round wheels on a track with voided sleepers. 

It can be seen from the plot, that the force yields significantly higher values 
due to the effect of out-of-round wheels than due to the voided sleepers. In the 
case of out-of-round wheels on a track with voided sleepers, the void pattern 
leads to a reduction of peak values of the contact force between wheel and 
rail. 

It should be noted, that in Fig. 9 only the variation of contact force has been 
considered. The overall loading of the track increases significantly due to the 
effects of voided sleepers and out-of-round wheels, leading also to a higher 
loads acting on the ballast see [6]. 
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Fig. 9. Variation of vertical dynamic forces acting between rail and wheel due to 
out-of-round wheels and voided sleepers [6]. The maximum amplitude of out-of- 
round does not exceed Az = 0.3 mm, the magnitudes of the voids are depicted in 
the plot 



5 Conclusions 

Three models of the ballasted track have been presented in the paper com- 
bining models of the superstructure of the track and subgrade models in both 
frequency and time domain. 

In the case of the frequency domain model, the dynamic response in lateral 
and vertical direction was considered at symmetric and antimetric harmonic 
excitation of the rail. For the derivation of the model, an algorithm for infinite 
periodic structures was used. The algorithm allows for 

• a more sophisticated definition of boundary conditions of the infinite 
track, 

• detailed modelling of the discrete supports and 

• the incorporation of a receptance formulation for the underlying sub- 
grade. 

Comprehensive parametric studies may be conducted using the model, as the 
calculation time is almost negligible. Furthermore, it should be mentioned 
that the algorithm can also be applied when modelling different types of 
railway tracks, e.g. for the ballasted track with frame-sleepers. 

The time domain models presented in the paper both deal with the vertical 
dynamics of the ballasted track at symmetric loading. The “fast time domain 
model” is capable of simulating non-linear contact conditions of the wheel 
and the rail, allowing for lift-off phenomena to be studied. The track model 
is based on track receptances which can be either obtained from numerical 
analyses or measurements. 
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The “general time domain model” allows for simulation of non-linear be- 
haviour within the contact between wheel and rail as well as within the 
track’s superstructure. The following features may be of special interest for 
future application: 

• the simulation of the effects of voided sleepers, 

• the simulation of the effects of out-of-round wheels and 

• the possibility to incorporate a non-linear material law for the ballast. 

As the subgrade model is based on the approximation of receptances, the 
entire model yields an acceptable time exposure for the simulation despite 
taking into account the subgrade. 
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Abstract. Rail-pads are those track components which can be replaced compar- 
atively easily in order to influence track dynamics. Quasi-static measurements as 
well as dynamic measurements have been performed in the low frequency range (0 
- 40 Hz) and in the high frequency range (100 - 2000 Hz). The results are given 
as hysteresis curves and as stiffness values. In addition to secant and tangent stiff- 
ness an equivalent stiffness has been introduced. The stiffness values are frequency 
dependent. More signiflcantly, they depend on the preload and on the amplitude 
of the harmonically varying load. Up to now a consistent time-domain model for 
rail-pads is not available. 



1 Introduction 

Introducing comments. An internal standard of DB prescribes which de- 
mands have to be fulfilled by rail-pads. To the opinion of the authors, the 
regulations of this standard are not sufficient. Therefore measurements have 
been performed in order to obtain a reliable description of the rubber rail-pad 
Zw 700 in the frequency range up to 2000 Hz. This rubber rail-pad is mainly 
used on high-speed ballasted tracks of DB. The model presented at the end is 
so far only valid in the frequency domain. More details of the measurements 
can be found in [8]. 



Rail fastening system and direct receptances. A typical rail fastening 
system W 14 together with a rail UIC 60 and a sleeper B 70 W is shown in 
Fig. 1. In the unloaded state the rail-pad Zw 700 has a thickness of 7 mm. 
The pad consists of soot-filled, foamed rubber. The pad is not profiled. Figure 
2 shows a typical calculated direct receptance of the track, where ballast and 
subgrade as well as the pad have been modelled by spring and damper in 
parallel. The pad parameters mainly influence the second resonance peak. 
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Fig. 1. Resilient rubber rail-pad Zw 
700 included in Vossloh rail-fastening- 
system W 14 with rail UIC 60 and 
sleeper B 70 W 



Possible measurements: Three types of measurements can be performed 
to investigate pad behaviour: 

The first type of measurements are field experiments [7,6]. 

1. One can use the excitation of a train running on the track. 

2. Or one can excite with a shaker. 

3. Finally, a calibrated hammer can be used. 

Field experiments seem to be the most realistic ones. However they can be 
extremely unreliable because of non-linearities like voided sleepers. Addition- 
ally, the values which are obtained are reliable only in the range of the second 
resonance peak (Fig. 2). 

Laboratory measurements of pads evidently are more reliable. We decided 
to perform measurements of rubber pads without rail fastening system. Re- 




Fig. 2. Direct recep- 
tance of a continu- 
ously supported rail. 
Rail- pad and ballast 
modelled as spring 
and damper in paral- 
lel 
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suits of similar experiments are found in papers of van’t Zand [10,11] and 
Thompson et al. [9]. 

The third type of measurements are laboratory measurements of the rubber 
material Using a Finite-Element analysis the pad behaviour can be calculated 
for arbitrary boundary conditions. No example is known to the authors where 
this type of measurement and evaluation has been used for rail-pads. 

2 General Concept 

The typical behaviour of a rail-pad Zw 700 is shown in Fig. 3. The results of 
three types of laboratory measurements are compared. 




Fig. 3. Different 
types of loading of a 
rail-pad. Definition 
of the static secant 
stiflPness, the static 
tangent stiffness, the 
dynamic secant stiff- 
ness and a dynamic 
tangent stiffness. 
Results of measure- 
ments for a rail-pad 
Zw 700 (Saargummi), 
160x150x7 mm. Ma- 
terial of the rail-pad 
is foamed, soot-filled 
rubber 



• First there is a quasi-static measurement. The rubber pad is loaded with 
constant loading speed between 0 and 85 kN and then unloaded. The 
static secant stiffness is defined on the loading path between 18 and 68 
kN. The static tangent stiffness is defined at a mean load value of 43 
kN on the loading path. Loading and unloading path form a banana-like 
hysteresis-loop. 

• For low frequency experiments 43 kN are taken as a preload and the har- 
monical load varies between 18 and 68 kN. The dynamic secant stiffness 
which is obtained is higher than the static secant stiffness. Again loading 
and unloading path form a banana-like hysteresis-loop. It will be seen 
later that it is useful to introduce an equivalent stiffness. 

• For high frequency laboratory experiments only force variations much 
smaller than 1 kN were possible. The hysteresis loop is nearly elliptical. 
From this ellipse a kind of dynamic tangent stiffness can be determined. 
This dynamic tangent stiffness is still higher than the dynamic secant 
stiffness. 
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Fig. 4. Test equipment for quasi-static 
laboratory tests 



3 Quasi-Static Experiments 



The test stand which has been used for quasi-static experiments is shown 
in Fig. 4. The rubber pad has been excited by a hydro-pulse cylinder and 
the relative displacements between both steel plates have been measured for 
different low loading rates. The results of such quasi-static measurements are 
shown in Fig. 5. There are only slight deviations between the three curves. 
Even if both the loading and the unloading time are increased to six hours 
the hysteresis loop remaines unchanged, indicating that the dissipation mech- 
anism is a type of internal friction. The material behaviour is called visco- 
plastic [4]. 

It can be proved that friction between pad and steel plate does not influence 
the hysteresis loop qualitatively. If grease is introduced between pad and both 




Fig. 5. Quasi-static 
loading of a rail-pad 
Zw 700 (160x150x7 
mm) at three differ- 
ent loading rates 
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Fig. 6. Time history 
of load and defor- 
mation of a rail-pad 
Zw 700 (160x150x7 
mm) during loading 
and unloading and af- 
ter unloading 



steel plates the banana-like hysteresis loop remains, however it now is much 
flatter and broader. 



4 Low Frequency Measurements 

Input variables for the measurement in the low frequency range are the fre- 
quency, the preload and the load amplitude. 

In Fig. 7 and 8 hysteresis loops are shown for a preload of 43 kN and different 
load variation amplitudes, in Fig. 7 for quasi-static loading (0.02 Hz) and in 
Fig. 8 for a frequency of 10 Hz. The results are quite similar. 

In order to be able to compare such hysteresis loops an equivalent stiffness 
has been introduced. First a Fourier analysis of the time history of load and 
displacement has been performed. The first Fourier terms have been used to 
determine a complex stiffness. The real part is the storage modulus and the 




Fig. 7. Low fre- 
quency hysteresis 
loops for a pad Zw 
700 (160x150x7 

mm) with a preload 
of Ro = 43 kN and 
different load ampli- 
tudes. Loading fre- 
quency / = 0.02 Hz 






270 Klaus Knothe, Minyi Yu and Heike Ilias 




Fig. 8. Low fre- 
quency hysteresis 
loops for a pad Zw 
700 (160x150x7 

mm) with a preload 
of Ro = 43 kN and 
different load am- 
plitudes. Loading 
frequency / = 10 Hz 



imaginary part is the loss modulus. The amplitude of both is called equivalent 
dynamic stiffness. If only the first Fourier terms are used, then instead of the 
banana-like hysteresis loops, elliptical hystereses are obtained (Fig 9). 

Results of low frequency measurements are presented for a preload of 43 kN 
in Fig. 10. For a load amplitude of 25 kN the dynamic secant stiffness and 
the equivalent dynamic stiffness are nearly the same. For very small load 
amplitudes the equivalent dynamic stiffness is higher by a factor of more 
than 2 and equals the dynamic tangent stiffness! 
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Fig. 9. Equivalent el- 
lipses for the banana- 
like hysteresis loops 
of Fig. 7 
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Fig. 10. Comparison 
of different stiffness 
values for a rail-pad 
Zw 700 (160x150x7 
mm) under a preload 
Ro = 43kN 



5 High Frequency Experiments 



For high frequency measurements different equipment has been used, c.f. Fig. 

11. Without going into detail it should be mentioned that there were two pads 
placed between three steel-plates. Details can be found in [8]. 

The complex stiffness for frequencies between 1 and 2000 Hz are shown in Fig. 

12. On the horizontal axis a logarithmic scale is used for the frequency. On the 
upper part the storage modulus is given and on the lower part of the figure 
the loss modulus is shown. In addition to the measured values, fitted lines 
have been determined. The increase of both moduli with increased frequency 
is obvious. The increase is much more dominant for the loss modulus than 
for the storage modulus which indicates that visco-elastic effects are more 
pronounced for higher frequencies. 



harm on ie 
excitation 




Fig. 11. Arrangement of the test 
equipment for experiments in the 
medium and high frequency range 
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^ CD CO O O 

T- CM 



Frequency [Hz] 

Fig. 12. Dynamic tangent stiffness of the rail-pad Zw 700 AGO SGW 95 (dimensions 
160x150x7 mm). Summary of results of low and high frequency measurements with 
preload Ro of 25 kN (*) and 43 kN (□) respectively. According to measurements of 
M. Yu (Sept. 2000) with corresponding fitted lines 

6 Interpretation of Measurement Results 

The results of the of the measurements can be summarized and interpreted 
as follows 

• The quasi-static loading path can be described by hyper-elastic material 
behaviour, e.g. by an Ogden model. 

• For low frequency cyclic loading the rubber material shows visco-plastic 
behaviour. 

• Additionally, for higher frequencies viscoelastic effects are important. 

• The equivalent complex stiffness depends on the frequency, on the preload 
and on the amplitude of the periodically varying load! 
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• The equivalent stiffness increases with increasing preload and decreasing 
amplitude. 

7 Frequency Domain Model of Rail-Pads 

Up to now modelling is only possible in the frequency domain. As already 
mentioned, the equivalent complex stiffness depends on the frequency /, on 
the preload Rq and on the amplitude AR of the varying load. This complex 
function has to be approximated. 

• It is assumed that for each frequency the equivalent complex stiffness can 
be approximated by a bi-linear function with respect to preload and load 
amplitude. This should be done for two frequencies, namely 30 and 1000 
Hz. 

• Additionally, it is assumed that the parameters depend linearly on the 
frequency. This linear dependency on the frequency is justified as it was 
possible to determine fitted lines. 

For such a simple approximation at least eight values are necessary for both 
the storage and the loss modulus. The data for the storage modulus is shown 
in Table 1. Two of these values had to be estimated very roughly as up to now 
laboratory measurements with high amplitudes are not possible in the high 
frequency range. As soon as more measurements are available, the model can 
be refined. 



Table 1. Data for the tri-linear approximation of the storage modulus A^p = 
kp{f, Ro, AR) of a rail-pad Zw 700 according to measurements of M. Yu 



Amplitude 


Frequency / = 30 Hz 


Frequency / 


= 1000 Hz 




Ro = 25 kN 


Ro = 43 kN 


Ro = 25 kN 


Ro = 43 kN 




kN/mm 


kN/mm 


kN/mm 


kN/mm 


AR = 25 kN 


68* 


91 


(103)** 


(123)** 


< 1 kN 


85 


210 


123 


240 



* Estimated from secant stiffness. 

** Rough Extrapolation. No measurements available. 



8 Concluding Remarks 

Finally some comments are necessary with respect to the time domain model. 
What is first needed here is a constitutive law. Here, the work of Haupt [3- 
5] has to be mentioned. Another possibility is the model of Gudehus which 
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has been developed to model ballast behaviour [2,1]- The results from mea- 
surements which have been made for ballast material are qualitatively quite 
similar to the results which have been obtained for pads. The reason may be 
that on the microscopic level the pad material is not at all homogeneous due 
to the filling with microscopic soot particles and foam bubbles. 
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Model-Based Investigation of the Dynamic 
Behaviour of Railway Ballast 



Holger Kruse and Karl Popp 

University of Hannover, Institute of Mechanics, 
Appelstr. 11, D-30167 Hannover, Germany 



Abstract. The representation of ballast in conventional track models is unsatis- 
factory, since still important physical phenomena inside the ballast layer are not 
understood. Therefore, in this paper an alternative theoretical approach, the Molec- 
ular Dynamics method (MD method) as a powerful tool for the investigation of 
granular material, is investigated. In contrast to a continuum description, in the 
corresponding 2D-model each single stone of the ballast can be taken into account. 
In the frame of a numerical time-step integration, the contact forces are calculated 
from the overlap area of the particle geometries. 

The paper includes information about the sensitivity of the model behaviour on ini- 
tial conditions and contact law parameters. Furthermore, the contact network, the 
quasi-static stiffness of the ballast layer and its long-term behaviour are addressed. 
Particular emphasis is put on the description of current difficulties and challenges 
in applying the MD method. 



1 Introduction 

Due to its good draining properties, ballast has played an important role 
already in pioneering days of railway technology. However, even today the 
dynamic processes inside the ballast layer are not understood in detail. Since 
during the last years railway companies have faced enormous maintenance 
costs caused by ballast degradation especially on high-speed lines [9], a lot 
of research has been initiated to get a better insight into the corresponding 
damage phenomena. 

The original objective of the research project Po 136/20 — financially sup- 
ported by the ’Deutsche Forschungsgemeinschaft’ (DFG) — was the develop- 
ment of improved track models based on wave solutions. In this context, the 
software package TTI has been originated. After giving an overview on the 
consideration of the ballast layer in conventional track models in chapter 2, 
chapter 3 provides some information about the capacity of TTI. Further- 
more, a few results are listed. The main focus of this paper, however, is put 
on chapters 4-6 which deal with the Molecular Dynamics method. 

The MD method has first been applied to railway ballast by Estrade in 1989 
[11]. He investigated a system similar to that depicted in Fig. 1. As the 
computational power was quite low before 1990 compared to today, only a 
circular shape for the ballast stones could be used and a few simulations 
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could be performed. They already gave some insight into the dependence of 
the contact forces between the ballast stones on the coefficient of friction or 
the pressure distribution below the sleeper. 




Later on, some work has been done in France as part of the European re- 
search programme EUROBALT, but without substantial outcome. Hence, 
the results presented in chapter 6 should be understood as further steps to 
assess, whether the MD method can become a powerful tool for engineers in 
optimizing the design of ballasted tracks. 



2 Railway Ballast in Conventional Track Models 

Up to the late eighties, most scientists modelled ballast and subsoil together 
by a viscoelastic foundation below the sleepers, see e.g. [12] and Eig. la. If the 
wave propagation in the soil was analysed, first analytical or semi-analytical 
approaches were made, which were based on a halfspace representation of 
ballast and subsoil (Fig. lb). Besides, in the beginning of the nineties, a few 
authors applied discrete mass-spring-damper models for the ballast, similar 
to that depicted in Fig. Ic. 

(a) Ballast included in (b) included in halfspace, (c) as spring-mass-system, 



viscoelastic foundation. 




(d) as viscoelastic rods, (e) as oedometric elements, (f) as continuum layer. 




Fig. 2. Different representations of ballast and subsoil in existing track models 
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During the last five years, further types of ballast models have been intro- 
duced: the viscoelastic rod model (Fig. Id) by Knothe [4], the oedometric 
element model (Fig. le) by Gudehus et al. [14] and the continuum model 
(Fig. If) by Savidis et al. [1]. 

However, even today it is unknown which of these models gives the best 
agreement with the real structure. Still many open questions exist regarding a 
correct formulation of the boundary conditions between sleeper and ballast or 
ballast and subsoil, regarding a possible wave propagation inside the ballast 
layer or regarding a proper consideration of damping. And the long-term 
behaviour of the ballast is even less understood. 

3 The Software Package Train Track Interaction (TTI) 

TTI is a software tool for the investigation of both, single track components 
and full train-track systems. A typical track model is shown in Fig. 3. It ful- 
fills the two basic requirements of linearity and periodicity with respect to the 
track’s length direction. Hence, the rails and the subsoil have infinite exten- 
sion. For the rails the Timoshenko beam theory is used. The pads are taken 
into account by massless elements which can have an arbitrary frequency 
dependent complex stiffness. 



left 

rail +00 




Fig. 3. Typical track model used in software TTI 



A consideration of the elasticity of the equally spaced sleepers is possible. As 
already depicted in Fig. Id, below the sleepers there are located viscoelastic 
rods representing the ballast. Therefore, the ballast parameters like geometric 
dimensions, stiffness or density are physically motivated. The subsoil model 
can be of arbitrary complexity. It just has to be linear like all other compo- 
nents. In Fig. 3 a layered halfspace is shown, which leads to a sleeper coupling 
via the substructure. 
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Concerning the vehicle models, simple systems like a single point mass or an 
oscillator as well as advanced multibody systems with elastic components, 
e.g. deformable wheelsets, can be coupled to arbitrary track models. The 
connection to the track is realised by a linear Hertzian spring in vertical 
direction. As source of excitation, TTI provides the discrete rail support 
itself, unbalances in the wheelsets, unround wheels or periodic rail-surface 
roughnesses. 

Since the whole train-track system is described by linear partial or ordinary 
differential equations, the vertical dynamics in the steady state can be cal- 
culated using transformations in frequency and wavenumber domain. The 
modular concept in defining the model structure is additionally implemented 
in a complex network of algorithms. The most intricate algorithm, whose 
fundamental steps are sketched in Fig. 4, is needed for the determination of 
the track motion under moving forces harmonically varying in time. For a 
detailed explanation we refer to the literature [5-8], where also information 
about other parts of the algorithm can be found. 




Fig. 4. Basic steps of the algorithm for a periodic track loaded by moving forces 



With TTI, many parameter studies have already been performed to inves- 
tigate the influence of the discrete rail support, of the sleeper elasticity, the 
shear deformation of the rails and of different excitation sources. Further 
research was addressed to rigid track models, the importance of a correct 
description of the dynamic pad properties or the consequences of taking into 
account the wheelset elasticity, see again [5-8]. 
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Since this paper focuses on ballast and subsoil, in the following a few results 
regarding these components are summarised. Here, emphasis is put on the 
mid- frequency range. 

• The track receptance and the dynamic wheel/rail contact force depend 
strongly on the chosen ballast and subsoil model. Comparing the model 
in Fig. 3 to a track model with Winkler foundation, even the qualitative 
shape of the corresponding frequency response functions is changed. 

• In the frequency range below 350 Hz, the system reacts very sensitively 
especially to a variation of subsoil parameters. Different layered halfspaces 
can lead to totally different locations of the resonances and deviations in 
the curves up to 100 percent. 

• The sleeper coupling via the subsoil changes the shape of the rail bending 
line. The new results better fit to experimental findings. 

• Special resonance effects occur for very high vehicle velocities close to 
the velocity of Rayleigh waves in the subsoil. Here, unexpectedly strong 
vibrations can occur. 

4 Molecular Dynamics Method 

The MD method is based on scientific works which appeared in the years 
before 1980. One of the pioneers was Cundall [2]. In contrast to the common 
multibody dynamics approach, he did not focus on a single mathematical 
model for the whole multi-particle system in the form of a system of differ- 
ential equations due to the following reasons: 

• For the multi-particle systems investigated, a frequent formation of new 
contacts takes place and existing contacts open. In multibody dynamics, 
both events require an update of the governing equations. 

• Even when the contact network remains the same, in each contact a 
transition between sticking and slipping is possible, which also leads to a 
change in the structure of the system of equations of motion. 

These difficulties can be avoided if the principles of momentum and moment 
of momentum are formulated separately for each particle, a procedure, which 
is possible if nearly no kinematic constraints between different particles ex- 
ist. Hence, most particles keep all their translational and rotational degrees 
of freedom. The penetration of one particle into another one is avoided by 
introducing very high stiffnesses which simultaneously allow for a rough con- 
sideration of particle deformations. Performing a time-step integration, the 
system dynamics are determined. 

Starting with the system state at time which is defined by position and 
velocity of all particles, the situation at time t + At is calculated as follows: 

1. Detection of all contacts using an adequate search algorithm. 
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2. Calculation of contact forces and assignment to the corresponding contact 
partners. 

3. Determination of the accelerations of all particles by using the principles 
of momentum and moment of momentum. 

This methodology allows for the investigation of very large systems with 
hundreds of thousands of particles. Some typical examples are shown in Fig. 4 
[13]. The different implementations of the MD method do not only differ in 
the search algorithms and integration routines used, but also in the shape of 
the particles and the applied contact laws. 




Fig. 5. Applications of the MD method, (a) Particle configuration (left), pressure 
(middle) and contact force network (right) in a sand heap, (b) Choked funnel, (c) 
Particle motion in a mixing drum 



The main disadvantage of the MD method is the required very small constant 
time-step At due to the high stiffnesses mentioned above. The time-step At 
has to be chosen in a way that both impacts and stick-slip transitions can 
be treated like continuous processes. Considering the time-consuming oper- 
ations which have to be performed during each integration step, enormous 
computational effort is required. 

5 Application to Railway Ballast 

Many granular materials consist of very small grains. Thus, an upscaling 
of the geometry is necessary which often leads to difficulties related to the 
interaction with boundaries or an adaptation of forces or material parameters. 
In the case of railway ballast such an upscaling is not needed. Here, the main 
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challenge is to get an adequate representation of the real stone shape, which 
affects the very small particle migrations causing settlement. The use of round 
particles seems to be insufficient. 

In the following subsection the model geometry is described in detail. Subse- 
quently, further subsections give insight into the contact laws, the simulation 
sequence and input and output data, respectively. A description of the al- 
gorithm for the contact detection and the algorithm for the determination 
of the overlap areas can be found in [10,8]. As integration routine the Gear 
predictor corrector formula of fifth order is used [8]. 



5.1 Model Geometry 

The 2D-model is depicted in Fig. 2. In these first studies, it does not take 
into account a complete ballasted track. Due to the fixed wall particles, it 
rather describes the conditions during so-called ballast box tests which have 
been performed by Selig [15] and others. The dimensions of the ballast layer 
are chosen in such a way that the model could also be interpreted as a side 
view of a single sleeper resting on ballast. However, then the boundary should 
provide similar dynamic properties like the subsoil in reality, which is possible 
in the frame of a MD simulation. 



full 

system: 



pad force R 




sleeper: 



0 171 m 




ballast stone (zoom): 



wall particles 




Fig. 6. Model of single sleeper resting on ballast 



The ballast stones are represented by polygons with a variable number n of 
corners, n = 5 . . . 8. These polygons are inscribed into ellipses with semiaxes 
^a/b — 0-01 m . . . 0.032 m. The shape of the sleeper corresponds to the mean 
cross section of a common German B70-sleeper. While the ballast stones keep 
all their three degrees of freedom, the sleeper can only move vertically. 

5.2 Contact Forces 

The contact forces are determined by evaluating the contact geometry which 
is sketched in Fig. 3. It is evident that important features of the shape of 
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real ballast stones — like their roughness or concave surface sections allow- 
ing for multi-point contacts — are not taken into account. Furthermore, even 
for simple geometries the knowledge about the contact laws regarding lateral 
stiffness, micro-slip and damping is poor. Hence, a quite high uncertainty 
with respect to the contact force calculation has to be accepted. Therefore, 
it must be proved carefully, whether the model behaviour is sufficiently ro- 
bust concerning a change in the contact laws. The results of corresponding 
investigations are given later. 





For each contact, we choose a force vector which acts in point P and can be 
divided into four components regarding stiffness and damping, 

F = {Fjsf^c + Fn^d) • + {Ft^c + Ft,d) • (1) 

The directions of the unit vectors and er are shown in Fig. 3a. The spring 
force in normal direction reads 

FA h ~ 

Fn,c = — ^ ^ ‘ ^ 

where A ^ 0.5 ' bxN the overlap area of the undeformed polygons with b 
as contact length and xat as penetration depth (see Fig. 3b), E is Young’s 
modulus times the system depth of 1 m and I = 4-/^ -/j • (/^ is a measure 

for the size of the stones in contact. Hence, with decreasing particle size 
the contact becomes stiffer — a consequence of the reduction of deformable 
material. Furthermore, it is worth to be mentioned, that in nearly all cases 
Eq. (2) results in a quadratic relation between force and particle approach. 
This nonlinear stiffness is used to take into account the high surface roughness 
and elastic properties of the real 3D-system. The damping force is calculated 
by 

{ 2Djsf • J ErriNlbl • dAjdt iordA/dt>0 

^ 5 (3) 

max{2T)7V • y Ettin / bl • dA/dt, —Fn^c] for dAjdt < 0 

where rriN — • {rrii depends on the masses of the two contact 

partners and Dn denotes the damping ratio. The upper limit of F/v,d during 
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a separation (dA/dt < 0) ensures that no attractive forces act. By Eqs. (2) 
and (3), it is achieved that any small vibrations in normal direction around 
an arbitrary prestressed state are damped by the same damping ratio Dn- 
This damping includes material damping due to stone deformations and the 
energy loss due to sound radiation and micro-slip in the contact zone. 

The tangential force is directed to reduce the tangential relative motion be- 
tween the particles. Due to the Coulomb’s law, an upper limit exists, 

\Ft\ = min(/x • \Fn\,Ft,c + (4) 

where fi denotes the coefficient of friction. No distinction between static and 
dynamic friction is made. Sticking is taken into account by incrementally 
adapting the spring force 

FT,c{t) = FT,c{t — At) G ' b/l ' vt ' At^ (5) 

where vt is the relative tangential velocity. The factor b/l introduces a cou- 
pling between the time variant normal and tangential stiffnesses. In the case 
of a constant normal stiffness {b/l = const.), the tangential spring is linear. 
The damping component reads 

Ft^d — 2Dx * ^ G ' b /I ' rriT * Vt (6) 

with rriT = + which also takes into account the 

moments of inertia li and Ij. Again, the damping ratio Dt is valid for small 
vibrations around an arbitrary contact situation. The nominal parameters 
for the contact laws are given in Fig. 6. The value oi Dn has been estimated 
from drop tests and is also used for Dt, Dn — Dt = 0.5. The values for 
the stones’ Young’s modulus and density correspond to the actual material 
basalt. Their units are adapted due to the fact that a 2D-model is used. As 
relation between G and E the number ’2/5’ is chosen. 



5.3 Input and Output Data 

As input, the vertical force R acting on the sleeper has to be specified. In 
the case of simulating a laboratory test this force is usually known. If a 
train passing is investigated, it can be determined from either measured or 
calculated pad forces. Since, for a real track, the dynamic pad forces differ 
strongly between the individual sleepers, the use of calculated pad forces 
leading to mean values is preferable. The time function of R together with the 
vehicle model applied is depicted in Fig. 7. The force R has been determined 
with the software TTI, which is described in chapter 3. 

As output, sleeper force, sleeper displacement, mean velocity of the ballast 
stones, their migration, kinetic and potential energies and some statistic in- 
formation about the contact forces are recorded during the program runs. In 
addition, the system configuration is stored at equally spaced time points so 
that animations may be generated. 
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Approximation of shape 



• Approximation of damping 



no roughness 



no concave shape; 
no multi-point contact 



drop test 




first contact with ground 




contact length b 



Approximation of friction 






• Approximation of normal and tangential contact stiffness 



c„ = Cj = 6//«G = 2/5»c„ 



Fig. 8. Contact law — characteristics and parameters 





Time t [s] 



Fig. 9. Time dependent pad force 
and vehicle model used 



5.4 Simulation Steps 

For each simulation, a sequence of steps has to be carried out to arrive at a 
system state that is comparable to that in reality. These steps are sketched 
in Fig. 8. 

1. Specification of ballast stone shape by a random number generator. Po- 
sitioning of the stones without overlaps. 

2. The ballast stones fall down due to an initial vertical velocity and due to 
gravity. In the ballast layer a certain contact network arises. 

3. Smoothing of the surface by removing some of the top stones. 

4. The sleeper and further stones at both sides of the sleeper are added in 
an identical procedure, see steps 1 and 2. 

5. Optionally, a tampering process can be simulated. 

6. The load cycles are applied. 
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Fig. 10. 

steps 



Simulation 



The required time-step for the integration is influenced by the mass rrimin of 
the smallest stone and Young’s modulus E. The equation 

At < 0.3 • \j rrimin IE (7) 

yields a rough upper limit which is fulfilled by At < 1/iS. However, it has 
to be checked carefully whether this time-step guarantees a sufficiently accu- 
rate discretisation of all vibrations including tangential ones and rotational 
motions. The results presented later have been obtained with At — 0.5/is. 



6 Simulation Results 

To examine whether the MD method can provide reliable insight into the 
ballast behaviour, first the plausibility of the simulation results and their 
robustness regarding the initial and boundary conditions and the contact law 
parameters have to be investigated. This is done in chapter 6.1. Subsequently, 
chapter 6.2 is addressed to the short-time dynamics of the ballast, before 
chapter 6.3 gives some idea of an analysis of the long-term behaviour including 
abrasion and stone migration. A more detailed study of these three topics can 
be found in [8]. 



6.1 Plausibility and Robustness Tests 

Kinetic and Potential Energy Fig. 9 shows the kinetic {Ekin), gravita- 
tional (Epot) and contact energy (Econ) during a whole simulation run, all 
three of them summarised over all ballast stones. The single simulation steps 
sketched in Fig. 8 can be identified clearly. In step 2 {t < 0.7 s) Ekin rises 
first, starting already from a quite high value because of the initial stone 
velocities. Approaching t — 0.7 s more and more stones reach the ground and 
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come to rest. Hence, Ekin drops and the steady decrease of Epot ends. For 
t = 0.7 s both energy forms jump due to the addition of further particles 
(step 4) and an analogous process takes place. During the wheelset passings 
(step 6) Ekin and Epot nearly stay constant, since the stone motion is now 
extremely small. While Econ was negligible before, the dynamic load causes 
the highest fluctuations here. The time dependence — see detailed view of 
Fig. 9 — is very similar to that of cp. Fig. 7. The smooth curve shape also 
means that the model behaviour is not disturbed by numerical instabilities. 
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Fig. 11. Kinetic, gravitational and contact energy as functions of time 



Influence of Initial Conditions Since the ballast stone shape is deter- 
mined by a random number generator, even with identical system parameters, 
the individual simulations differ signiflcantly, see Fig. 10. Besides, because of 
the stone corners, the falling down of the ballast is a chaotic process, which 
depends sensitively on the initial state. Thus, a prediction of the formation 
of cavities is impossible. 

For each of the diagrams in Fig. 10 ten calculations have been performed. In 
diagram (a) no tampering was simulated, in (b) the ballast layer was slightly 
and in (c) highly precompressed. Again, during the load cycles the pad force 
depicted in Fig. 7 was applied. 

The reversible and the irreversible part of the vertical sleeper motion during 
the single wheelset passings can be seen clearly. Only the latter contributes 
to the settlement. During the first few load cycles, this settlement is quite 
high and decreases rapidly. The big differences between the curves are obvi- 
ous. Looking at diagram (a), after 20 load cycles the sleeper has settled by 
11mm in one simulation, in another simulation just by 2 mm. The following 
conclusions can be drawn: 
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Fig. 12. Sensitivity of ballast settlement during the first load cycles due to varying 
initial conditions, (a) Not precompressed, (b) Slightly precompressed, (c) Highly 
precompressed 



• The model shows a behaviour, which can also be observed for a real 
ballast layer and which probably plays an important role in discontinuous 
ballast settlement. 

• The characteristics of a system with one set of parameters cannot be 
obtained on the basis of a single simulation. At least 40 up to 100 program 
runs should be performed allowing for the determination of reliable mean 
values and standard deviations. 

• The high relative deviations in the settlement behaviour cannot be re- 
duced by tampering, though the mean settlement decreases strongly. 



Influence of Boundary Conditions In extended parameter studies it be- 
comes obvious that most changes in the boundary conditions — like e.g. a 
variation of the stiffness and the friction coefficient of the wall particles or a 
variation of the model dimensions — do not affect the sleeper displacement 
noticeably [8] . Surprisingly, this was even observed concerning a transition in 
the stone shape from almost round to flattened and cornered. 

A very interesting study is the investigation of the configuration depicted in 
Fig. 11. Here, the length view of the sleeper is modelled. After a compression 
phase with slow load cycles {t < 8 s) some particles on the right side are 
removed. The bold line in Fig. 11 and the right sketch of the model constel- 
lation {t = lbs) make clear that the ballast layer remains stable without any 
side wall preventing the stones from sliding down. 



Influence of Contact Parameters In Fig. 12, each curve represents the 
vertical sleeper displacement averaged over ten simulations. Starting with the 
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Fig. 13. Length view of sleeper — system behaviour and model constellation at 
different time points 



nominal system — the corresponding contact parameters are given in Fig. 6 
— the two stiffnesses cn and ct and the two damping ratios Dn and Dt 
are separately reduced by a factor of five. After 20 wheelset passings, even 
for such a strong change in the contact parameters the irreversible sleeper 
displacement diflFers by less than 25 %. Especially the influence of damping 
seems to be low. A reduction of ct leads to a slight decrease in the ballast 
stone migrations, since stick-slip transitions occur less frequently. Besides, 
the reversible sleeper elongation increases which is even more pronounced for 

Cn — 0.2 • Cn , nominal' 
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Figure 12 also contains a curve corresponding to a simulation where the 
friction coefficient /x has been reduced by a factor of two. It is obvious that 
this contact parameter plays a more important role. The reduction yields 
nearly twice the settlement that occurs in the nominal system. In reality, the 
friction value can change due to moisture. 

6.2 Short-Time Dynamics 

Contact Force Network A typical contact force network is depicted in 
Fig. 13. The width of the lines connecting the centers of mass of the particles 
in contact are proportional to the normal contact force. The small lines inside 
represent the amplitude of the tangential contact forces. It is clearly seen that 
the pad force is distributed among only a few load paths. Hence, the load 
of the individual ballast stones differs significantly. In the 3D-case a more 
homogeneous pressure distribution may occur. 



Fig. 15. Contact force network 




Quasi- Static Stiffness of Ballast Layer The influence of inertia and 
viscous damping forces can be neglected if a pad force is chosen like depicted 
in Fig. 14a. Here a load cycle takes 2 seconds, which is about ten times longer 
than the duration of the load cycles before. The resulting sleeper displacement 
is given in Fig. 14b. As the load is applied during the initial compaction phase 
of the ballast layer, still some irreversible sleeper deflection can be seen. 

Fig. 14c shows the pad force versus the sleeper displacement. The hysteresis 
curve allows for a determination of the energy loss per load cycle, 

loading{l^?>) unloading {2, A) 

Ey = j R{Ws) dWs + J R{Ws) dws . (8) 

Since viscous damping can be neglected, the energy loss is due to friction 
between the stones. Finally, the quasi-static stiffness of the ballast layer as 
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Fig. 16 . Sleeper displacement during quasi-static loading 



a function of sleeper displacement is presented in Fig. 14d. During loading 
the stiffness increases linearly, see curves 1 and 3. This is probably mainly 
caused by the quadratic contact law for the normal forces according to Eq. 
(2). In addition, also the formation of new contacts leads to a progressive 
stiffness. When the load has reached its maximum and starts to decrease, in 
the beginning the material has the tendency to remain in its stressed state, 
which means a jump in the stiffness curves. The reason for this phenomenon is 
the sticking of the stones — a back-sliding is only possible after the tangential 
contact forces have changed their direction and reached the amplitude Ft = 
IiFn. Very similar curves as those depicted in Fig. 14 have been measured in 
triaxial tests [3]. 



Kinematic Excitation In chapter 3 it is mentioned that an unfavourable 
superposition of travelling waves in the subsoil can cause track vibrations 
with high amplitude. Furthermore, strong vibrations of the ballast layer can 
be observed on bridges. How such an excitation influences the ballast settle- 
ment is demonstrated in Fig. 16. During the simulation runs the frequency is 
kept constant, while the amplitude is increased stepwise from Wf = 0.48 mm 
to Wf = 0.64 mm up to u)/ = 0.8 mm. These values correspond to maximum 
accelerations of 0.75^, 1.0^ and 1.25^. The two curves, which have been de- 
termined for different constant pad forces i?, show a drastic growth in the 
settlement rate when the acceleration of the wall particles reach the accel- 
eration due to gravity g. This fluidisation effect has also been observed in 
experiments. The parameter studies may indicate that this effect can be re- 
duced by prestressing the granular material {R — 40 kN). However, each of 
the two curves is just the mean of three program runs. Thus, much more 
simulations should be performed. 
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Fig. 17. Settlement behaviour of sleeper for kinematically excited ballast layer 



6.3 Long-Term Behaviour 



Decay of Stone Migration To prove the long-term stability of the ballast 
layer, simulations have been carried out with a high number of load cycles. 
The calculated sleeper displacement for six such simulations with about 700 
load cycles is depicted in Fig. 17. As the friction coefficient is the most im- 
portant parameter, three different values are used. 



X 10'^ 




Fig. 18. Sleeper settle- 
ment for different friction 
values 



In most cases the settlement decays rapidly. Nevertheless, after hundreds of 
load cycles still time segments with strong rearrangements inside the ballast 
layer occur. Although the smallest friction coefficient /i = 0.2 leads to the 
highest settlement, the influence is lower than one would expect from Fig. 12. 
This may be a consequence of the fact that just two simulations for each long- 
term behaviour are not representative enough. Here again further research is 
needed. 
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Consideration of Abrasion A realistic calculation of the long-term be- 
haviour requires a consideration of abrasion and stone breakage. Though, in 
principle the MD method allows for a description of these phenomena, the 
current knowledge of the underlying interrelationships is poor. Hence, in the 
following we introduce a very simple abrasion law, where the mass m and, 
therefore, also the cross section A of a stone decrease according to the formula 

. y ^ ^ 'in — kw ' F ^ 

A. (^t At) — • A {t) (9) 

m 

with F as sum of all contact forces acting on a certain stone. The wear in- 
tensity is controlled by the wear factor Fig. 18 demonstrates the sleeper 
displacement for three different values of k^ and two different initial config- 
urations. 





Fig. 19. Sleeper settlement for different wear coefficients kw 



For configuration k^ — Okg/N gives a fast decay of the settlement. Only 
at /: = 8 s a severe reorganisation takes place. If k^ is raised, as one would 
expect, this event is shifted to an earlier time point. Besides, the negative 
slope of the curves during phases without any noticeably stone migration 
increases as a consequence of the shrinking process. 

With start configuration 2 it becomes obvious that a prognostication of the 
system behaviour is not simple. In Fig. 18b certain stone reorganisations oc- 
cur even later due to the stone size reduction leading to intersections between 
the three curves. 

7 Concluding Remarks 

The results presented show that the MD method is applicable to the inves- 
tigation of railway ballast. The stone layer forms a stable configuration in 
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respect to both static and dynamic loading, and this even in the case of free 
ballast surfaces or missing side walls, respectively. In addition, the system 
behaviour is strongly influenced by the initial conditions. Since e.g. the de- 
viations in the sleeper settlement reach up to 60 % of the settlement’s mean 
value, reliable statistic findings require a high number of program runs. In 
consequence, an enormous numerical effort is needed. 

The boundary conditions and the choice of the contact law parameters play 
a less important role. Regarding the latter ones, even a wide variation of 
c^v, ct, Dn or Dt does not lead to a substantial mutation of the system 
dynamics. The most relevant contact parameter is the friction coefficient. 
Summarising, the calculation of contact forces, of kinetic and potential en- 
ergies or of the ballast layer stiffness all yield plausible time dependencies, 
which are partly well-known from experiments. It is worth to be mentioned 
that some of the characteristics observed in the simulation — like on the one 
hand the jump in the quasi-static stiffness when the maximum compression 
is reached and the load drops or on the other hand the fluidisation during 
kinematic excitation — can hardly be reproduced on the base of an alter- 
native continuum description. Regarding fields of application, the following 
interesting tasks can be investigated: 

1. Reduction of ballast settlement. Influencing factors are e.g. axle load, 
train velocity, size of contact area between sleeper and ballast, thickness 
of ballast layer, stiffness of subsoil, ballast stone shape and coefficient of 
friction. 

2. Optimisation of track components like sub ballast mats or elastic sleeper 
boots. 

3. Optimisation of tampering processes. 

4. Investigation of the effects of voids between sleeper and ballast. 

5. Calculation of track shifting resistances. 

An analysis of the long-term behaviour of railway ballast is an extremely 
difficult task. One possibility is to study the processes over just a few load 
cycles and to predict wear and stone breakage by evaluating the contact 
force network or the friction work. Otherwise, an extremely high number of 
train passings has to be simulated. Unfortunately, at the moment the contact 
model and the wear models are not sophisticated enough to provide reliable 
results. 

Finally, some statements about an extension or improvement of the model 
shall be given: Certainly, the contact laws can be validated and refined by 
performing experiments with single stone-stone contacts or by using FEM 
tools. Alternatively, also a parameter identification via a comparison to tri- 
axial or ballast box tests is conceivable. Nevertheless, the 2D-model can only 
provide qualitative results. For a 3D-model the computational power of cur- 
rent computers is not sufficient yet. 
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The Dynamics of Railway Track and Subgrade 
with Respect to Deteriorated Sleeper Support 
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Holstenhofweg 85, 22043 Hamburg, Germany 



Abstract. Full scale laboratory experiments are performed in order to investigate 
the dynamic behavior of a ballasted track segment and its constituents. Since voids 
are often observed between sleepers and the underlying ballast, special emphasis is 
laid on investigations of partially unsupported sleepers. Detailed information on the 
dynamic displacement field is obtained by the holographic interferometry which is 
used beside conventional accelerometers to record the oscillations. It is shown that 
deviations from optimal coupling to the subgrade result in significant changes of the 
dynamic behavior. The results of the laboratory experiments axe in good agreement 
with in-situ measurements. Elementary configurations are also corresponding well 
with numerical results. 

1 Introduction 

The current development of modern railway systems is particulary charac- 
terized by increasing travelling speeds, driving forces, and axle loads. From a 
technical point of view, this trend is requiring higher standards not only for 
each individual component but for the system as a whole. As a consequence, 
a careful overall design has to be guaranteed and especially the interaction 
between the vehicle, track, and subsoil has to be taken into account. 

Typical damages of the track or its components are unequal ballast settle- 
ments, ballast damages, and as a result enlarged track positioning faults. The 
damage development process is initiated by small inhomogeneities or irregu- 
larities such as voided sleepers, non-uniformly compacted ballast, rail joints, 
or stiffness alterations, e.g. in bridge transition sections. Inhomogeneities and 
irregularities are causing track and subgrade vibrations during train passages 
giving rise to long term damages. Finally, they are responsible for increasing 
maintenance effort, cf. [6] and [7]. 

In the last 20 years, considerable theoretical and experimental work has been 
untertaken to understand the system behavior and to improve track com- 
ponents in order to solve the above mentioned problems. Dependent on the 
problem under consideration, various models have been developed for the 
entire system or its constituents covering a wide range of complexity, cf. [6] 
and [11]. It should be noted that beside the ballast especially voided sleep- 
ers cause a significant non-linear system behavior that has to be taken into 
account in a detailed analysis. Simple models consist of springs and dampers 
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connected in parallel, more sophisticated models use finite element or bound- 
ary element approximations in order to regard properly the infiuence of the 
ballast and the subgrade. 

For non-railway applications, accurate models for the interaction of rigid 
and elastic foundations and the subsoil have been developed, e.g. by Gaul 
and Plenge [5], [4], and Wolf [16]. The interaction between adjacent rigid 
foundations through the subsoil has also been considered in [5]. A related 
problem was studied by Auersch [2] who determined subsoil properties from 
wave propagation data refering directly to the rail traffic. 

Until now, only little work has been done that aims at the interaction be- 
tween the subgrade and the railway track or its constituents, e.g. sleepers, 
adjacent sleepers, and systems of sleepers connected by rails. Auersch et al. [1] 
present numerical results of rigid sleepers on an elastic half-space under the 
assumption of a linear-elastic material behavior. The coupling between adja- 
cent sleepers through the subsoil is considered experimentally by Rucker [14], 
and by Prange et al. [12]. They refer to in-situ experiments on tracks with 
removed rails in which the sleepers were excited. Recently, new numerical 
models have been developed in this field which are presented in accompany- 
ing papers within this book. 

In order to evaluate theoretical and numerical models, laboratory experiments 
offer the advantage of higher accuracy compared with in-situ tests. This is 
the motivation for the series of full scale laboratory experiments presented 
in the following. The experimental set-ups cover various configurations from 
the single sleeper to the ballasted track segment with and without optimal 
coupling. Different kinds of excitations are applied to the measuring objects. 
Special attention is paid to voided sleepers which are considered as a long 
term damage as mentioned before. However, within this project the main 
concern is not the development of the voids but their impact on the short- 
term dynamics. The obtained data are compared to in-situ experiments as 
well as to numerical results. 

For a pointwise capture of dynamic data, piezoelectric accelerometers and 
a laser vibrometer are used. Further insight is provided by means of the 
holographic interferometry which is used to present the entire displacement 
field. The frequency range is up to 1600 Hz, thus taking into account e.g. the 
relatively short wavelength irregularities of the rail and polygonalized wheels 
besides the regular vertical and lateral excitations. 



2 Experimental Set-Up 

The experimental investigations presented in this paper are performed in a 
laboratory in which an excavation of the dimensions 4.0m x 4.0m x 2.0m is 
filled with a test soil. Undisturbed soil is directly bordering the test soil with- 
out any walls so that almost any impedance difference is avoided. Therefore, 
even low frequency waves with a high wavelength may propagate without 
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reflections. The test soil is a mixture of sand and flne gravel with the prop- 
erties shown in Table 1. This testbed allows for investigations on full-scale 
track segments consisting of up to flve concrete sleepers B70W60 linked with 
rails UIC60 that are commonly used for ballasted German high-speed railway 
tracks, cf. Fig. 1. 



Table 1. Properties of the ballasted test track 



Object 


Property 


Data 


rail UIC 60 


mass per length 
Young’s modulus 
Poisson’s ratio 

gemetrical moment of inertia y-y 
geometrical moment of inertia x-x 


pk = 60.34 kg/m 
E = 210,000 MPa 
1/ = 0.3 

lyy = 3,055 cm^ 
Ixx = 513 cm^ 


railpad Zw 900 static stiffness 

dynamic stiffness (10 Hz) 


Cstat = 42.9 kN/m 
Cdyn = 91.4 kN/m 


sleeper 


length 

width 

height 

mass 

space between sleepers 


1 = 2600 mm 
225 mm \ w \ 300 mm 
176 mm ; h \ 230 mm 
m = 304 kg 
ds = 600 mm 


ballast 


density of ballast solids 
density 

dynamic deformation modulus 


pbs = 2,870 kg/m*^ 
pb = 1,750 kg/m^ 
E = 31.7 MN/m^ 


soil 


shear wave velocity 
density 

Poisson’s ratio 


Cs = 149 m/s 
ps = 1,909 kg/m^ 
1/ = 0.29 



For the loading of the track segment and its constituents, it is necessary to 
apply static as well as dynamic forces. Two pneumatic cylinders supported 
by a crossbeam generate a static load of 10 kN each. This load is about one 
tenth of the operating load, but our own experience (see Section 4.2) as well 
as investigations made e.g. by Wu and Thompson [17] show that a small 
static load influences the dynamic behavior of the system signiflcantly but 
that a further loading causes only little modiflcations. The dynamic loads are 
applied by electrodynamic shakers, the force amplitude of which is amplifled 
by a lever mechanism, as well as by rotating unbalanced weights. 

The dynamic behavior of the structure under investigation is realized by 
piezoelectric accelerometers and by a laser vibrometer as well as by holo- 
graphic interferometry. The accelerometers and the vibrometer allow for the 
collection of time signals at speciflc locations, whereas the holographic in- 
terferometry is an appropriate tool to measure the displacement held of the 
oscillating surface and the propagating wave at a deflnite time, cf. Fig. 1. 
The basic principles of the holographic interferometry is outlined as follows. 
A beam of coherent light emitted by a laser is divided into two waves by a 
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beamsplitter. Each narrow ray bundle is then expanded by a lens or a system 
of lenses. The reference wave is directly guided onto a photosensitive plate 
of high resolution. The object wave is reflected by the surface of an opaque 
object and both waves interfere on the hologram plate in such a way that 
the variation of the relative phase from point to point is transformed into an 
interference pattern retaining the complete information of the object. The 
interference pattern is decoded by illuminating the hologram plate by the 
reference light and the virtual 3D-image of the object is obtained. 




Fig. 1. Testbed with track segment and visualized laser beams 



In order to record the displacement held, the holographic film is exposed 
twice at a very short time interval. During this period of time, the wave 
under consideration is propagating and the difference of the surface shapes is 
recorded on the film. Reconstruction of the hologram by reference light shows 
both images of the object at the same time. The object is covered by light 
and dark interference fringes that represent contour lines of the deformation. 
More details are given by Gaul and Plenge in [4]. 

3 Scope of Experimental Investigations 

The test program starts with experimental investigations on a single concrete 
sleeper B70W60 which is widely used on German railway tracks in order to 
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identify the eigenfrequencies and eigenmodes. Various boundary conditions 
are realized: free - free, perfectly coupled to the subsoil, and voided sleepers, 
i.e. sleepers with hovering ends. A hovering end of a sleeper arises when a 
gap between the soil and the sleeper grows during operation. The gap may be 
built either at one end of the sleeper or at both ends. In the latter case, the 
contact between the sleeper and the subsoil exists only in the middle of the 
sleeper. Both situations are depicted in Fig. 2. The frequency range under 
consideration is up to 800 Hz. 




Fig. 2. Different kinds of voided sleepers 



Beside the sleepers, the dynamic bahavior of the rail under vertical and lat- 
eral excitation is investigated. Subsequently, two adjacent sleepers are under 
consideration which are coupled through the subsoil. Again, different bound- 
ary conditions and voided sleepers are studied. The investigations on non- 
ballasted configurations end up with an entire track segment consisting of 
five sleepers and the connecting rails. The results which have been presented 
in an earlier paper by hammering and Plenge [8] were very supporting for 
the understanding and interpretation of ballasted track results. 

The ballasted track segment is the final configuration within the series of 
experiments. Voided sleepers are again in the center of the investigations. 
The load is applied vertically and laterally. These experiments serve as the 
basis for comparisons with in-situ experiments and numerical investigations. 
The dynamics of a railway track is significantly influenced by railpads that 
are mounted between the rails and the sleepers. Therefore, they have been 
investigated as individual structural members and additionally, their impact 
on the entire track has been studied. 

4 Identification of the Concrete Sleeper B70W60 

4.1 Sleeper with Free - Free Boundary Conditions 

In order to realize the free - free boundary conditions and to exclude the 
influence of the support in the following investigations, the concrete sleeper 
is rotated with respect to its axis by 90° and suspended by two ropes. The 
excitation is performed horizontally (i.e. in the rotated z - direction) at one 
end by an electrodynamic shaker. The positions of the shaker and selected 
accelerometers as well as the frequency response function are presented in 
Fig. 3. 

From there it can be seen that the inertance function is characterized by 
narrow peaks of bending modes with respect to the x - axis. In Fig. 3, the 
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Fig. 3. Frequency response function of the rotated and horizontally excited sleeper 



peaks are labelled with the corresponding modes. Beyond that, particular 
accelerometers give rise to additional peaks, e.g. at 52.5 Hz and at 760 Hz. 
At 52.5 Hz, the torsional mode is excited as a result of an imperfection in the 
experimental set-up and observed by the accelerometer E that is mounted 
opposite to the shaker position with an offset from the center axis, cf. Fig. 
3. At about 760 Hz, the first longitudinal mode of the sleeper occurs which 
would result in a lateral vibration of the track. 

The experiment was repeated with the same sleeper which again was sus- 
pended but not rotated. Again, the sleeper is excited horizontally, i.e. in the 
X - direction. The frequency response function is similar to that shown in 
Fig. 3. The first three bending modes, however, are shifted about 9 to 15% 
towards higher frequencies, cf. [8]. 



4.2 Ideal Contact Between Sleeper and Subsoil 

Next, the sleeper is laid on the test soil and perfectly coupled with the ground. 
Optimal coupling conditions are achieved by a plaster on which the sleeper 
is placed after it is spread on the soil in the contact area. Various tests were 
performed in which the static load and the direction of excitation (verti- 
cal, lateral and tilt) were varied among other. From the frequency response 
functions those frequencies were identified by which the system is substan- 
tially affected. At these frequencies, the displacement field of the soil and the 
sleeper is recorded by use of the holographic interferometry. The influence of 
the static load that is applied at the railseat area is shown in Fig. 4. The load 
is increased in steps of 2.5 kN up to 10 kN. It is obvious that the first load 
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step results in a stronger coupling of the sleeper to the soil, so that especially 
the third bending mode at about 632 Hz is less developed. On the other hand, 
the frequency response function is almost not affected between 250 Hz and 
550 Hz. Below 250 Hz, any increase of the static load produces stiffening of 
the system. These results are in good agreement with investigations of Wu 
and Thompson [17] on a ballasted track. They report that an increase of the 
static load from 1.2 kN to 11 kN gives rise to the stiffness (factor 2.4) at a 
dynamic excitation at 50 Hz, but that further doubling of the load increases 
the stiffness by 5% only. 




Fig. 4. Influence of the static load on the frequency response function of an ideally 
coupled sleeper 



From the experiments above, the frequency of 148 Hz is selected for further 
investigations focussing on the oscillations of the sleeper and the wave prop- 
agation in the soil. Fig. 5 shows the displacement field of the sleeper and 
the soil for two different phases that are shifted by 180°. The vibration of 
the sleeper is dominated by the first bending mode. Furthermore, it is visible 
that the wave propagation in the soil starts at both contact areas between the 
sleeper and soil. At 148 Hz, the wavelength is about 1 m, so there is a shear 
wave velocity of about 149 m/s in the soil. This result is in good agreement 
with seismic measurements. It should be noted that the interferogram was 
subdivided into two parts before the evaluation is started since the edge of 
the sleeper or shadows can influence the evaluation algorithm. Therefore, the 
displacement field is evaluated separately for the sleeper and the soil. 
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Fig. 5. Dynamic displacement fields of the soil and the sleeper in the case of ideal 
coupling and excitation in the sleeper center at 148 Hz. 180° phase difference bet- 
ween both figures 



4.3 Partially Unsupported Sleepers due to Voids 

The ideal contact between the sleeper and the subsoil is often lost during 
operation, and a gap between the sleeper and the soil is built up either at 
one end or at both ends. This long-term damage is rebuilt in the laboratory. 
The receptances of the ideally coupled and voided sleepers are compared 



10 ’' 




Frequency[Hz] 



Fig. 6. Comparison of the receptances of the ideally coupled sleeper and a voided 
sleeper. 10 kN static load at each rail 



in Fig. 6. For this purpose, a static load of 10 kN is applied at the rail 
positions and a dynamic load is introduced at the center. The signal of the 
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accelerometer attached at the upper side of the sleeper end is shown as well 
as the corresponding signal from the ideally coupled sleeper. It is visible that 
both curves are in good agreement beyond 150 Hz. With the exception of 
a small frequency band at app. 440 Hz at which a kind of anti-resonance 
appears, the difference does not exceed the factor 2. On the other hand, the 
voided sleeper behaves much softer in the frequency range below 150 Hz. 
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Fig. 7. Dynamic displacement fields of the soil and the sleeper with central coupling 
and excitation at one railseat at 52.5 Hz. 90° phase difference between the four 
figures 



Because of a small resonance amplification at 52.5 Hz in the frequency re- 
sponse function the holographic measurement technique is applied to evalu- 
ate the dedicated mode of vibration. The vertical excitation force acts on one 
railseat without any static load. In Fig. 7 the dynamic displacement fields 
of sleeper and surrounding soil surface are shown for four oscillations states, 
of which the phase positions are shifted by 90^ from one figure to the next. 
From the left figures with a time delay of half a vibration period the coupling 
conditions can clearly be detected, because the surface waves propagate from 
the contact area in the middle of the sleeper. The sleeper ends are obviously 
without contact to the soil. Because of the low frequency the displacement 
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field at soil surface looks similar to the static case. The sleeper itself shows 
only small deformations and tilts around the contact area. The pictures on 
the right hand side depict the bending oscillation of the sleeper which is 
superposed by a torsional mode of the free sleeper ends. At this particular 
trigger time the vertical displacements at the soil surface are very small. 

5 Structural Dynamics of a Track Segment 

The following experiments are performed on a track segment consisting of 
five sleepers and two connecting rails. The track segment is bedded either on 
sand or in ballast under various coupling conditions. In order to measure the 
frequency response behavior of the system it is dynamically loaded by use of 
electrodynamic shakers up to 1.6 kHz. The phase angle between the loads on 
each rail is varied as well as the level of the static load. Nine accelerometers 
and two force transducers are mounted in various patterns on the rails and 
the sleepers in order to record the oscillations. One pattern was used to prove 
the symmetry of the response when the system is loaded symmetrically. The 
rail vibration is observed by another pattern, in which the accelerometers 
are mainly mounted on the top of the rail. Here, two places of excitation are 
chosen: on the sleeper and between the sleepers. 

In the following, some results are presented which were obtained from the 
ballasted track segment. The main task of the project is to evaluate the 
influence of the coupling conditions between sleeper and ballast. Therefore 
after completion of the experiments with optimal coupling an artificial void 
was implemented at the right hand side of the sleeper in the middle of the 
track segment, cf. Fig. 1. The opposite part of the same sleeper as well as the 
other four sleepers are perfectly coupled. For both configurations the whole 
system is dynamically loaded by two forces acting vertically on both rails 
between the second and third sleeper. The frequency response functions in 
Fig. 8 are obtained when both forces are acting to the rails 180® out of phase. 
The upper diagram shows the transfer functions for the perfectly coupled 
sleeper end with respect to the coupling conditions. The void at the opposite 
side lead to a higher receptance in a wide frequency range. However, the lower 
figure shows clearly the minor stiffness of the sleeper end above the void in 
the frequency range up to 120 Hz. Beyond this frequency the bedding stiffness 
changes scarcely . On the other hand, it can also be seen in comparison of 
both diagrams that even in the case of perfect coupling the mean value of 
the receptances differ at both sleeper ends in the lower frequency range. This 
aspect will be discussed in detail in Section 6. 

The dynamic behavior of a track is strongly influenced by elastic railpads. 
Before installation two types of pads Zw 900 were tested in a material testing 
device. In Fig. 9 the quasi-static load-displacement curves show that their 
elastic behavior is very different from each other in spite of the fact that 
the secant modulus that serves a parameter in the condition of supply of the 
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Fig. 8. Receptances of a track segment with a voided sleeper. Upper figure: left 
sleeper end, lower figure: right sleeper end 



railway companies are the same. As the loads on the track in the experiments 
are comparatively small it is advantageous to install the railpad type 2 in the 
test track because of the nearly linear behavior in compression. 

The influence of the railpads Zw 900 is investigated for a perfectly coupled, 
ballasted track segment under lateral excitation in counter-phase at the rail- 
heads above the sleeper in the middle of the track segment. The structural 
response is also measured at the railheads opposite to the loading points. 
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Fig. 9. Railpad load-displacement curves 



The frequency response function without (above) and with (below) railpads 
for the left and right rail are shown in Fig. 10. In the case without pads 
the influence of ballast and subgrade can be seen in the frequency range up 
to 250 Hz because of the different bedding stiffness under the sleeper ends 
which was already detected for vertical loading (Fig. 8). After installation 
of the pads this effect does not occur any more. Refering to the excitation 
the odd bending modes of the rails show up very distinctly in the receptance 
function. 

By means of the holographic interferometry dynamic displacement flelds of 
a perfectly coupled track segment on sand (Fig. 11 above) and ballast (Fig. 
11 below) were measured under vertical dynamic loads at 103 Hz in phase 
and in counter-phase. The results are shown for three sleepers and the spaces 
between them. If the track is directly bedded on the soil surface and excited 
in phase the oscillations of the sleeper are associated with the first bending 
mode. The adjacent sleepers twist because of the coupling through the rails 
and the soil. Furthermore, it is clearly visible that the waves spread out 
from the sleeper in the middle of the track segment. On the right-hand side 
of Fig. 11, where the situation is shown when the forces are 180^ out of 
phase, the displacement held of the sleeper and the surrounding soil is quite 
different. Loads in counter-phase induce a rocking oscillation of the whole 
track. Also the waves propagating from the coupling areas move in counter- 
phase to the oscillation of the sleeper because the excitation frequency is 
higher than the rocking mode of the track. The diagram below shows the 
displacement flelds for the ballasted track under the same loads generated 
by rotating unbalanced weights. Because of the rough surface of the ballast 
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Fig. 10. Railpad influence on the track receptance at lateral load. See text for 
further explanation 



and small movements of its particles relatively to each other an evaluation of 
the displacement fields was not possible for the ballasted area. The bending 
and rocking oscillations of the sleeper and additionally of the rails are very 
similar to those of the track on soil. This fact proves that the investigations 
on the dynamic behavior of a track on sand as a intermediate step are very 
important for a better understanding of the behavior of a ballasted track. 
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Fig. 11. Dynamic displacement fields of the track segment and the surrounding 
soil. See text for further explanation 



Another result of the holographic interferometry is presented in Fig. 12 for a 
laterally loaded ballasted track segment at an excitation frequency of 95 Hz. 
The dynamic displacement fields of the sleepers are shown for two oscillation 
states delayed by 180^ . The rocking mode caused by the lateral loads in 
counter-phase is overlayed by a strong bending motion of the sleeper under 
excitation. This bending oscillation is caused by the artificially deteriorated 
sleeper suport under one side of the sleeper described above. The evaluation 
of such effects is a useful tool for the identification of voids. 
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Fig. 12. Dynamic displacement fields of the track segment at lateral loading 
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6 Comparison Between Laboratory and In-Situ 
Experiments 

In order to ensure that the insights obtained by the laboratory experiments 
are of any value for practical problems, it is necessary to compare the results 
from laboratory experiments with data obtained by measurements at ICE- 
high-speed tracks under live loads, cf. [9]. For these in-situ experiments on five 
successively arranged sleepers accelerometers were mounted at the rail-head 
and sleeper-end in vertical direction. The first measurements were carried out 
at a newly built track loaded by an ICE-train passing with the velocity of 
252 km/h. The signals were analysed as third octave spectra in such a way 




Fig. 13. Ratio of the 3rd octave velocity spectra between sleeper and railhead 



that only wagons are enclosed in the time slot; so-called wagon-spectra. In 
order to eliminate the excitation transfer functions were calculated dividing 
the velocity spectrum at sleeper-end and the velocity spectrum at rail-head. 
The first comparison of the in-situ results with laboratory measurements, 
shown in Fig. 13, was insufficient because the test track was not equipped 
with railpads, cf. [10]. After installation of the same type of pads like those in 
the ICE-tracks the agreement was much better in the whole frequency range. 
In a third step a static load of 10 kN was applied to each rail. As a result the 
curves match still better even in the lower frequency range. 

The in-situ measurements were repeated one and a half year later after the 
track had been loaded by approximately 7 Mio. loadtonnes. In this case the 
ICE-train velocity amounts to 250 km/h. By means of these measurements 
a gap between sleeper 2 and the ballast was detected [9], because, as shown 





310 



Michael Plenge and Rolf Lammering 



10 



r 

2 



CJ 

0> 

Cl, 



ITi 



(U 

> 

+3 

tj 

O 



■S 

ro 



O 

O 






1 



O.I 



0.01 




1000 



- 






































































__ 


— — 


» — 


__ 




- 








■ V 



























T' 




. w A , 
























< 


> 




















__ 














■ 






' V, 




s' 




s 




































































-'i 


V 

: 




in 


-situ: April 98 
-situ: October 99 

boratory: left end of stimulated sleeper 
boratory: right end of stimulated sleeper 




; : 


— Tn 


U 


^ — 




— ! 












. . ^ 


■ 1 


- - la 

— ■ la 




















r , 





































Frcquency[Hz] 



Fig. 14. Ratio of the 3rd octave velocity spectra between sleeper and railhead for 
a track with a voided sleeper 



in Fig. 14, the sleeper support is much softer compared to the originally 
results in Fig. 13. Similar results were obtained in the laboratory for the 
opposite ends of the sleeper under excitation although a perfect coupling 
was expected. Within the whole frequency range from 20 Hz to 800 Hz the 
stiffness on one sleeper end is significantly diminished. In spite of very good 
working conditions in the laboratory the building company did not manage 
to produce a perfectly ballasted track bed in this area. On the other hand 
it is shown that sleepers with softer bedding conditions are undoubtedly 
identifiable with the used measurement technique. 

7 Comparison Between Experimental and Numerical 
Investigations 

An important task of the described project is to collect reliable experimen- 
tal data obtained in a well known experimental environment for theoretical 
model verification. Therefore a close collaboration takes place with those 
work groups of the DFG-priority-program which develop theoretical models 
to calculate the dynamic behaviour of the track-subgrade-system. The mea- 
sured data of the geometrical and material properties of the ballasted track 
shown in Table 1 are the basis for the numerical calculations. The compar- 
ison of experimental and theoretical results start with the consideration of 
elementary systems. First a single sleeper on sand is investigated which is 
vertically excited at its center. If the sleeper is modelled as a rigid beam, 
the calculated frequency response function matches with the curve from ex- 
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Fig. 15. Comparison between numerical and experimental results in the frequency 
domain 



periment only in an average, because the bending and torsional oscillation 
modes of the sleeper cannot be realized by this kind of model. In contrast 
the inertance function at the end of an elastic sleeper on sand calculated by 
means of the thin layer method [15] coincides much better with the measured 
result even in the frequency range up to 2000 Hz, cf. Fig. 15. The resonance 
frequencies of the odd bending eigenmodes of the sleeper match quite well. 
The measured amplitudes in the range of the resonances are generally larger. 
Probably this increase is caused by a reduction of the geometrical damping 
due to imperfections of the coupling conditions in the contact area. Devia- 
tions in the low frequency range are ascribed to the torsional oscillation mode 
of the sleeper at 52.5 Hz. Additionally, the lateral eigenmode is observed only 
in the measured frequency response function at 780 Hz. 

First results for a single elastic sleeper on sand in the time domain are pre- 
sented in [3] by Firuziaan and v. Estorff. The agreement of the measured and 
calculated displacement-time graphs at sleeper end respectively to the first 
bending oscillation mode is quite well up to 20 ms; but the decayed oscilla- 
tion in the experiment is not covered by the numerical simulation, cf. Fig. 16. 
Furthermore, the overlayed oscillation of the third bending eigenmode does 
not occur in the numerical results. For other configurations, especially for 
the ballasted track, a lot of calculations exist, but the agreement with the 
experiments is currently not sufficient. Further work is necessary to identify 
the reasons in order to achieve a better compliance. 
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Fig. 16 . Comparison between numerical and experimental results in the time do- 
main 



8 Conclusions and Outlook 

In this project, the dynamic behavior of a single sleeper, two adjacent sleepers 
and a track segment under vertical and lateral loads is under consideration. 
Special emphasis is laid on the influence of voided sleepers on the short-term 
dynamics. 

Investigations on a single sleeper show that a voided sleeper gives signiflcant 
rise to the receptance at frequencies up to 150 Hz. Even in the case of ver- 
tical excitation, these boundary conditions allow for rigid body modes and 
torsional modes, which are not observed when the sleeper is perfectly coupled 
to the ground. At frequencies beyond 150 Hz, the dynamical behavior does 
not change significantly. 

Investigations of two adjacent sleepers and a track segment have shown that 
some of the characteristics which have been observed on a single sleeper, 
play also an important role in the behavior of more complex structures. E.g., 
the same bending modes can be found not only in the frequency response 
functions of a single sleeper, but also in a system consisting of two adjacent 
sleepers and of a track segment. 

A static load results in a stronger coupling of the track to the ground and in 
stiffening of the system. Our own experiments confirm the observations made 
by Wu and Thompson [17] who note that the main effect is already visible 
at comparatively small loads. 

Since the ideal coupling to the ground is inevitably lost during track oper- 
ation, track models could be improved by taking into account the results of 
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these laboratory experiments and by incorporating the effect of voided sleep- 
ers. Likewise, the increase of the receptance below 120 Hz are worth to be 
considered in the analysis of vehicle - track interaction. Deteriorated sleeper 
supports are clearly detectable by structural dynamic parameters regardless 
of the kind of excitation. 

The holographic interferometry is an appropriate measuring technique to get 
comprehensive understanding of the interaction between railway track and 
subgrade. 

In spite of precise specifications by the railway companies, the load displace- 
ment curves of railpads are not unique. On the other hand, their influence 
on the dynamic behavior of the track system is significant. 

The results from the laboratory experiments are in good agreement with in- 
situ measurements from high-speed tracks under live loads. This agreement 
is obtained when the laboratory and the in-situ tracks are built in the same 
way, i.e. with respect to the rails, the sleepers, the railpads, and the ballast, 
and when a static load of 10 kN is applied to each rail in the laboratory 
experiments. Thus, the transferability of the laboratory results to practical 
problems is guaranteed. 

Numerical results obtained from different theoretical models map the dy- 
namic behavior of a single sleeper on sand satisfactorily in the frequency 
as well as in the time domain. However, numerical and experimental results 
of the entire track segment are in poor agreement as of yet. Here, further 
research is required. 

Within this project, important knowledge on the dynamical behavior of well 
positioned and voided tracks has been collected. Further investigations are 
required to get a broader database for structural health monitoring. 
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Abstract. The long-term behaviour of ballast track was investigated. Tests on a 
railwa}^ model circular circuit showed troughs and saddles fixed in place. The bal- 
last under badly bedded sleepers undergoes greater vertical deformation than under 
well bedded sleepers. Cyclic loading tests of ballast showed a decisive influence of 
stress minimum on the permanent deformation. In cyclic element tests the state 
variables of the material vary within each cycle around their mean values after ini- 
tial cycles. The mechanical response - e.g. stiffness - changes strongly. Simulations 
of these element tests with a hypoplastic material law modelled the main features 
of the mechanical behaviour of ballast correctly including increase of stiffness, de- 
crease of hysteresis and influence of stress minimum. Based on the former results a 
numerical model of the track was developed showing also the growth of height dif- 
ferences. Initial state has strong influence on long term behaviour. Irregular track 
geometry with characteristic wave lengths develop. Variation of density leads to 
higher permanent and to higher differential changes of ballast height. 



1 Questions 

The long-term behaviour of ballast track is closely related to the questions: 

• Why do track irregularities build up? 

• How do they develop? 

• How can they be reduced or avoided? 

• How can the ballast material be described by constitutive models? 

Understanding of the long term behavior is essential for getting answers to 
these questions. This is a basis for reducing life-cycle-costs and increasing 
quality and availability of the track. 

Model and cyclic element tests have been carried out to observe the material 
and system behaviour in detail. A hypoplastic material law was used for 
numerical simulations of element tests and to model a railway track. 

2 Irregular Settlements of Model Railway Tracks 

2.1 Model Circular Track 

To investigate the development of track-bed-waves model tests were per- 
formed using sugar grains as model ballast. 
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Fig. 1. Circular track on sugar ballast with roller 



Figure 1 shows part of the track circuit with a diameter of 1 m on a rigid base. 
The sleepers are made of wood, the rails of PVC, the ballast is modelled with 
sugar grains with a grain size of 2-4 mm. The grains are similar to real ballast 
gravel with regard to their surface roughness and angularity. Fracturing of the 
sugar grains occurs with the equivalent model forces, approximately similar 
to grain breakage observed in situ. Track loading is simulated using a roller 
with a diameter of 80 mm. The roller is driven from the centre of the circuit 
and is constructed as a trailer to allow for free vertical motion. 



Data Acquisition. Rail displacements due to the passing roller were mea- 
sured with a linear variable differential transformer (LVDT). The reference 
position of the roller was measured using an inductive proximity switch. After 
each 100 circle passages the roller was supplied with the displacement gauge 
recording the vertical position during the passage around the circle. The dif- 
ference between two data sets yielded the differential vertical displacement 
due to 100 passages. Furthermore, the elevation of grain surface beneath the 
sleepers was indirectly quantified. Therefore the vertical displacement of each 
sleeper during loading using a weight was measured. This procedure was per- 
formed before and after the experiment. Results of measurements are shown 
in Fig. 3. 



Objectives. The model was developed in order to understand mechanisms of 
settlements in railway tracks due to train passages. Model tests were carried 
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out with allowance for ballast properties. Material parameters, in particu- 
lar grain hardness and friction angle, were adapted to the model scale. Thus, 
abrasion and breakage of the ballast grains, as observed in situ, were achieved. 
Furthermore, the influence of increasing train speed was investigated: three 
tests were carried out with velocities of 0.5, 1.2 and 1.8 m/s. Another objec- 
tive was the influence of initial imperfections within the track bed and their 
alterations due to subsequent train passages. In particular, the influence of 
initial density and voids beneath the sleepers was studied in detail. 




Fig. 2. Development of model track bed waves 



Test Results. Figure 2 (above) shows the development of vertical displace- 
ments. The maximum displacement at sleeper number 22 was produced by 
an intentional defect in the rail. 
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Other waves originated from small irregularities, e.g. variation of ballast- 
density or badly bedded sleepers, which lose contact to the ballast after un- 
loading. 

It was found that once a wave developed, settlements quickly increase. This 
development of track-bed-waves is induced by the vertical acceleration of the 
roller, producing inertial forces. Figure 2 (below) shows the vertical displace- 
ments after 1000 passages for three different roller velocities. The displace- 
ments depend on the velocity with a maximum average settlement at the 
highest velocity. Disregarding sleeper 22 (defect in rail) the waves evolved at 
different locations. During the tests these positions were identified as those 
of badly bedded sleepers. 




Number of Sleeper 



Fig. 3. Initial and final elevation, track settlement 
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Figure 3 shows the initial elevation, the final elevation and the settlement 
after 1500 rollings of the track bed. Two locations of badly lying sleepers 
can be recognized: sleeper 26 and 80. At sleeper 26 the void beneath the 
sleeper disappears, whereas the subsidence at sleeper 80 increases. Conse- 
quently there must be some difference between these two positions. The two 
following mechanisms are conceivable: 



voids 



SADDLE TROUGH 




Fig. 4. Variation of void location beneath sleepers influences track bedding 



If a sleeper is in a higher position than desired, the sleepers in front and 
behind lose contact to the ballast (Fig. 4). After a few passages the saddle 
will straighten out. This happened at sleeper 26. On the contrary a trough had 
formed around sleeper 80. At this location non-uniform settlements increase 
with each passage. 

2.2 Ballast Loading Test 

In another experiment the behaviour of the sleeper on ballast during cycling 
loading was investigated. Figure 5 shows the experimental setup: a cross- 
shaped footing made of concrete was used instead of sleeper; thus lateral 
tilting was minimized. The cross was loaded by a servo-controlled hydraulic 
actuator equipped with a load cell. 

Objectives. The purpose was to investigate the influence of stress conditions 
on the ballast behaviour. Minimum stress beneath the sleepers varied between 
0 kPa for badly placed sleepers and 10 kPa for well placed sleepers. During 
a train passage the stress increases up to 200 kPa depending on train load. 

Test Results. The results are shown in Fig. 6. The ordinate at the right 
side shows the stress amplitude during the cycles. 

The influence of minimum stress is clearly visible. With decreasing minimum 
stress an increasing settlement of the track bed could be observed. 

2.3 Summary of Model Tests 

Model tests simulating the accumulation of track displacements have been 
carried out. 
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Fig. 5. Cross on ballast 



4.5 T 160 




0 1E+6 2E+6 3E+6 4E+6 5E+6 6E+6 7E+6 

cycles 

Fig. 6. Settlement of a cross on ballast during cycling loading (cf. Fig. 5) 



The importance of initial conditions was clearified: Small irregularities such 
as inaccurately positioned sleepers or density imperfections in the ballast 
influenced the evolution of vertical displacements in the track. 

This model helped to And a procedure that limits and reduces the develop- 
ment of track bed waves. It emphasizes a maintenance procedure regulating 
the rail position without influencing the ballast density or the geometry of 
the superstructure, and includes preventive measures to minimize the devel- 
opment of new voids beneath the sleepers. 
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3 Long Term Behaviour of Railroad Ballast in 
Laboratory Tests and Numerical Simulation 

3.1 Cyclic Element Tests 

Element tests are aimed to the study of stress-strain behaviour of granu- 
lar materials, and to the calibration of material laws. All state variables, in 
particular stress and void ratio, are assumed to be uniform over the sam- 
ple at each time (homogeneous state). In cyclic element tests the boundary 
conditions are cyclic. 



F(t) = Fo + F sincot 




Fig. 7. Cyclic oedometer test: geometry of the sample and boundary conditions 



Cyclic Oedometer Test. The material behaviour of railroad ballast has 
been investigated by large scale element tests. Figure 7 shows the boundary 
conditions of a cyclic oedometer test and the geometry of the ballast sample 
which has been prepared with medium initial density. Vertical compression 
increases linearly over the logarithm of number of cycles between the cycle 
no. 3000 and 768000, see Fig. 8. 

The material experiences only small permanent deformation although it is 
far from maximum density. The permanent deformation en,p, the reversible 
deformation Sn^e and the dissipation of energy by hysteresis Wh are listed 
in Table 1 for the 100th and the 768000th cycle. Both cycles are depicted in 
Fig. 9. As expected the tangential stiffness grows with the number of cycles. 



Table 1. Comparison of the 100th and the 768000th cycle 

cycle number eii,p £ii,e Wh 

100 1.1 • 10“® 6.5 • 10"^ 9 • 10“^ kNm/m^ 

768000 4.5- 10"^° 3.0 • 10"^ 4 • 10“^ kNm/m^ 
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Fig. 8. Accumulated vertical deformations in a cyclic oedometer test 





Ell 

Fig. 9. Stress-strain curves of the 100th and the 768000th cycle 



The dramatic reduction of Sn^p corresponds to the reduction of Cn^e and Wh 
by only a factor of 2.2 and 2.25 resp. So in spite of a nearly vanishing plastic 
deformation a considerable amount of energy dissipation is observed. 



Cyclic Triaxial Test. The boundary conditions of a cyclic triaxial test and 
the geometry of the used ballast sample are shown in Fig. 10. 

Due to allowed lateral strains the material is now able to compensate for 
vertical compression by horizontal extension. Even dilatancy can take place. 
Considering the accumulation of volume change a dense material dilates first 
and then very slowly compresses again. However all these effects take place 
in a very narrow range, see Fig. 11. 

Despite the smaller number of cycles the triaxial sample exhibits more ac- 
cumulated vertical deformation than the sample in the oedometer test. For 
further cycles the accumulated deformation is even underlinear. 

Figure 12 shows the stress-strain curves of selected cycles. The observations 
for the oedometer test concerning en,e and Wh hold also in the triaxial 
case, especially, the tangential stiffness increases considerably. The stiffness 
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I F(t) = Fq + F sincot 



03 = const. 




^1 l,min - 25 kPa 
h = 78cm aii,max= 150 kPa 
G 33 = 25 kPa 



d = 80 cm 

Fig. 10. Cyclic triaxial test: geometry of the sample and boundary conditions 
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Fig. 11. Accumulated volumetric and vertical deformations in a cyclic triaxial test 



varies strongly within each cycle. The values AanlAen for cycle 30000 range 
from about lOOMN/m^ to llOOMN/m^. Similar results showing this type of 
nonlinearity are found in laboratory and field tests ([6], [4], [3]). 

The shape of the first cycles after starting the test looks quite different. 
The loading branch within a cycle undergoes a more significant change of 
the shape than within the unloading branch, Fig. 13, left. After cycle 47200 
(Fig. 13, right) the ballast sample was compressed with in = const, reaching 
a maximum stress an k, 270kN/m^ and then again cyclic loading was applied. 
The changes of the curve shapes during these cycles are also more pronounced 
in the loading branch than in the unloading branch of each cycle. After about 
100 further cycles the shape of the loops becomes similar to cycles prior to 
monotonic compression. 



Conclusions for the Cyclic Element Tests. In both cyclic tests the 
samples show a considerable change in the material behaviour with increasing 
number of cycles. In the triaxial case this is accompanied by an oscillation of 
the vertical stress an and a nearly constant void ratio e. The reasons of this 
apparent contradiction may be abrasive processes and plastic deformations at 
the grain contacts. The same holds for the oedometer test, even though lateral 
stress is not known in this case. Further investigations should clarify these 
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Fig. 12. Selected cycles of a cyclic triaxial test 





Fig. 13. Selected cycles of a cyclic triaxial test: first cycles (left), cycles (47180- 
48200) before and after peak (48201-48207) (right) 



phenomena and related questions, e.g. whether additional state variables are 
involved. 



3.2 Numerical Simulation of Cyclic Element Tests 



Compared to the numerical simulation of monotonous deformation processes 
the calculation of material behaviour in the case of alternating deformation 
adds some further difhculties like strain history, abrasion processes and long 
term behavior. We present a constitutive law, some simulation results and 
discuss them with regard to the test results. 
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The Hypoplastic Constitutive Law. The stress-strain behaviour of a 
non-cohesive granular material can be expressed as a relationship between 

o 

the objective stress rate T and the strain rate D, written as 



f = h(T,e,<5;D) (1) 

with three state variables: Cauchy stress tensor T, void ratio e and the tensor 
of intergranular strain which stores recent deformation history. A repre- 
sentation of h is given in [7]. [2,5] show that the hypoplastic equations have 
an objective mathematical and physical foundation. They are apt to model 
the material behaviour in a wide range of stress and density. 



Cyclic Oedometer Test. The hypoplastic law has been used to simulate 
a cyclic oedometer test with 100000 cycles and the boundary and initial 
conditions of the laboratory test. Figure 14 shows the 100th and the 100000th 
cycle in a stress-strain representation. 
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Fig. 14. Stress-strain diagrams of the 100th and the 100000th cycle (simulated by 
hypoplasticity) 



We see that the qualitative properties of the outlined above material be- 
haviour are well reproduced by the simulations: Extreme reduction of per- 
manent deformation is accompanied by moderate reduction of reversible de- 
formation and by an increase of tangential stiffnesses. 

The curve of accumulated deformation is depicted in Fig. 15, which disagrees 
partially with the experimental results. The accumulation of the vertical de- 
formation evolves slower in the first cycles and faster in the last, but it shows 
a linear characteristic in the logarithmic scale. This means that the pattern of 
logarithmic deformation is well reproduced by the hypoplastic law. As already 
mentioned the material behaviour in the experiments changes substantially 
but the state variables oscillate around mean values or remain almost con- 
stant. In order to obtain from calculations a considerable change of material 
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Fig. 15. Accumulated vertical deformations (simulated by hypoplasticity) 

response, one needs a considerable change of the state variables. In the case 
presented here this happens by contractancy i.e. the increase of density, so 
that in comparison to the experiments we get too large permanent deforma- 
tions. New concepts have to be developed, e.g. by an introduction of a new 
state variable, in order to get the quantitative side of the material behaviour 
in the cyclic case. 
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Fig. 16. Selected cycles of a numerically simulated cyclic triaxial test 



Cyclic Triaxial Test. For a numerical simulation of a cyclic triaxial test 
we consider the selected cycles according to Fig. 12. In comparison to the 
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laboratory test we see in Fig. 16 the same material behaviour concerning the 
evolution of tangential stiffness, en^p and £n,e- The magnitude of accumu- 
lated deformation does not match for the reasons mentioned above, although 
we find that the material behaviour is well modelled qualitatively. 



Conclusions from the Simulations of Cyclic Element Tests. The sim- 
ulation results show that the hypoplastic law is able to predict the main fea- 
tures of material behaviour of ballast in the case of alternating stress / strain 
paths. The quantitative side has to be captured by an improved hypoplastic 
model. 



4 A Numerical Track- Train Model 

4.1 The Model of the Track 

A numerical model that describes repeated passages of a vehicle over a rail- 
track-subsoil system has been developed. Figure 17 depicts the components 
of this system; 




• the rail as Timoshenko beam with periodic boundary conditions, 

• the pad as elastic spring, 

• the sleepers as rigid bodies, 

• the ballast as hypoplastic material with intergranular strain, 

• the subsoil as elastic material with 3D-wave propagation and energy ra- 
diation. 

The ballast body is divided in biaxial elements, one element per sleeper. 
Figure 18 shows the boundary conditions of such a ballast element. The 
state variables are assumed to be homogeneous in each ballast element. The 
considered length of the track is 36 m which corresponds to 60 sleepers. The 
driving system is represented by a standard two mass spring damper system, 
see Fig. 19. 
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symmetry direction 




Fig. 18. Top view and boundary conditions of a biaxial ballast element 





Fig. 19. The driving system and exemplaric evolution of contact forces 



The contact force Fc between driving system and rail is determined by iter- 
ations until force equilibrium of the whole track- vehicle system is achieved. 
This is necessary due to acceleration forces acting on the driving system. Loss 
of contact is possible, but does not happen for velocities below 350 km/h. 
The problem of contact loss is more important in the case of the interface 
between sleepers and ballast. In the reality it is well known that a consider- 
able number - mostly over 50% - of the sleepers are badly bedded or do not 
touch the ballast at all. Figure 20 shows such a situation, which is covered 
by the proposed model. 




ballast element 



Fig. 20. Contact loss of sleepers: Ah is a measure of the troughs 
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4.2 Troughs as Reasons of Additional Permanent Deformation 

In a trough the ballast in the unloaded state (no vehicle present) has no 
contact to the sleeper, so the minimum stress in the ballast is very small. 
Under a well bedded sleeper the minimum stress in the ballast is higher due 
to the load of the sleeper and the rail weight. This is more pronounced, if 
the neighbouring sleepers have no contact to the ballast, they are ‘hanging’ 
beneath the rail and increase the minimum stress in the saddle. In section 2.2 
model tests have shown that accumulated vertical deformation by repeated 
loading is significantly increased when the stress minimum is reduced. This 
explains the positive feedback of the troughs in the prototype. 




Figure 21 shows that in numerical simulation between cyclic oedometer tests 
the hypoplastic law gives the same dependence of accumulated deformation 
^ii,acc and stress minimum (Ju^rnin' The smaller au^rnin the higher en,acc- 
Therefore we should expect a positive feedback in the simulation results of 
the track model as observed in the prototype. 

Figure 21 provides also another important information. As can already be 
seen in the measurements of the ballast loading test, see Fig. 6, more than 
half of the accumulated deformation takes place during the first cycles. In 
Fig 21, right, we see two effects: First, the largest accumulated deformation 
results from the first cycles. Second, reducing au^rnin produces an increase 
of rate of accumulated deformation; increasing au^rnin reduces this process. 
This observation suggests to overcome as soon as possible initial cycles in 
order to come through large deformations and not to return to such a state. 
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which results in large settlements. During tamping for maintenance purposes 
the ballast comes to such a sensitive state. Consequently this method should 
be replaced. 



4.3 Simulation Results 

Originally the numerical simulation aimed to model long term behaviour. It 
came out that time incrementation is needed to be so fine that this demand 
seems to be unreachable at present. Thus the model has been used to carry 
out a parameter study with 10000 passages of the vehicle per simulation. Due 
to the overpredicted settlements the deformation differences proceed faster 
than in the prototype, so that the calculated behaviour can be considered as 
long-term behaviour. 



A Parameter Study. The calculations have been intended to show the 
dependence of the settlements of the ballast bed on the initial state. Before 
the installation of rail and sleepers, the initial state of the track is defined by 
the initial state of the ballast. In this state the initial ballast height or the 
initial ballast density have been varied, i.e. 

hi = ho-\- Xi ^h; i = 1 ... 60 = eo + Xi z = 1 . . . 60 

Ci = eo = const. hi = ho = const. 

with hi the ballast height and Ci the void ration in the ballast element, the 
maximum variation Ah and Ac of height and void ratio resp. and a sequence 
Xi of random numbers, Xi ^ simulation calculations in this 

parameter study the train velocity has been 250 km/h. 




number of sleepers 



a) Ahjni = 0.2 mm 

Fig. 22. Ballast height for 1, 1000, 2000, 
variation of height 




number of steepers 



b) Ahjni = TO mm 

10000 vehicle passages and initial 
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Figure 22 shows the ballast height over the number of sleepers for every 1000 
vehicle passages in two different cases. In the initial state the ballast height 
varied along the sleepers and the void ratio was kept constant. We see, that 
beginning from a random height distribution without any systematic pattern, 
track bed waves of characteristic length evolve. This length is about 8 to 9 
sleeper distances. When a trough has been established it does never transform 
into a saddle, which is due to positive feedback. As can be expected, an 
initially stronger variation leads to an evolution of larger height differences. 
If we compare directly the final states of the two cases. Fig. 23, we conclude 
that the mean height change is nearly equal, only the differences of height 
are more extreme in the case of higher initial height variance (dotted line). 




Schwellenzahl 



Fig. 23. Initial and final states for different initial height variations 



The variation of void ratio e over the ballast elements results into a local 
variation of ballast stiffness (This kind of variation can be due to tamping). 
Figure 24 shows the results of two numerical simulations with different initial 
variations of e. 

We see that, as for height variations, after ca. 2000 passages a wave pattern 
has been established which does not change during the following passages 
any more. Only the height differences increase. The wavelength is slightly 
larger, about 11 sleepers distances. The influence of the initial variance of 
the void ratio on the differences of accumulated deformation is considerable, 
see Fig. 25. Also the medium height difference in the case Ae = 0.05 (dotted 
line) is slightly larger. 

A comparison of the two types of initial variation shows that an initial varia- 
tion of void ratio produces both more mean and more differential height dif- 
ference. Thus in the process of track construction particular attention should 
be paid to a uniform high density. In addition we remark that initial differ- 
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Fig. 24. Ballast height for 1, 1000, 2000, ... 10000 vehicle passages and initial 
variation of void ratio 




number of sleepers 

Fig. 25. Initial and final states for different initial variations of void ratio 



ences in void ratio result in more pronounced differential settlements than 
initial differences in ballast height. The simulation results suggest to apply 
a repair method that does not disturb the stabilized grain skeleton by an 
alternating dynamic excitation and which avoids a density variation. 

Practical experiences show that the evolution of unevenness in the track bed 
is closely connected with the velocity of the trains. Clearly the acceleration 
forces play a decisive role in the process. The numerical simulations show that 
by reducing the velocity of the vehicle the mean as well as the differential 
settlement of the track bed reduces considerably, see Fig. 26. 

Clearly the reasons of this eflFect are smaller dynamic loads due to the lower 
speed of 120 km/h. 
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number of sleepers 



Fig. 26. Ballast height for 1, 1000, 2000, ... 10000 vehicle passages and vehicle 
velocity of 120 km/h 



Summary of the Numerical Track- Train Simulation Results. A nu- 
merical model of the track and the vehicle has been worked out in which 
the ballast material is modelled by a nonlinear constitutive equation, the 
hypoplastic law. It has been shown that a positive feedback can be found 
in model tests, element test simulations and in the numerical track model. 
This explains the growth of height differences in observations and numeri- 
cal simulations. Some hints for possible repair methods have been proposed. 
A parameter study has been carried out which shows that a characteristic 
length of track bed waves evolves. The height of the waves is dependent on 
the initial variation of the ballast state. Initial density variation results in 
larger differential settlement than initial ballast height variation. 
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Track Settlement Due to Cyclic Loading with 
Low Minimum Pressure and Vibrations 
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Abstract. The paper deals with two specific questions concerning the long-term 
behaviour of ballasted tracks. We were able to show that the infiuence of the lower 
load during cyclic loading is essential for the understanding of track settlement. 
This is especially true when a gap between sleeper and ballast surface exists. The 
second part concerns the dynamic excitation of the track. Several excitation cases 
are discussed and a realistic test sequence is introduced. Test results are described 
for the following cases: a base excitation of the track, a dynamic excitation of a 
preloaded sleeper and impacts of a voided sleeper on the ballast. The deformation 
mechanisms involved in these load types are qualitatively different. 



1 Introduction 

Ballasted tracks are still the most common railroad track structure. Functions 
and advantages of ballasted tracks are the distribution of the load from the 
sleepers, damping of dynamic loads, providing lateral resistance and water 
drainage, low costs of purchase and the possibility of maintenance operations. 
Nevertheless, life cycle costs are high and most experts agree that the track 
maintenance costs have risen with the introduction of high speed trains be- 
cause of increased loading of and requirements to the track. Therefore, it is 
important to understand the settlement mechanisms (and the problem which 
parameters have changed with high speed traffic) in order to obtain improved 
structures. The usual suggestion that the track settlement depends mostly on 
the maximum load, the track stiffness and the number of load cycles might 
not be sufficient and has to be further investigated. 

During the last two years of the priority program, we did experimental re- 
search at the BAM concerning the settlement behaviour of ballasted tracks. 
Our aim was to understand fundamental mechanisms of the track settlement. 
The main parameters we are dealing with are the loading conditions of the 
track structure applied by the moving trains and later on to some extend 
different track structures themselves. However, we do not deny that for ex- 
ample the type of ballast material, the grading and the preconditioning and 
maintenance operations are important parameters as well. A summary of ex- 
perimental results, railroad settlement models and useful remarks concerning 
track settlement are given in [1] and [2]. In this research project, we started to 
build up the necessary database. Furthermore, in the short term we wanted to 
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clarify the importance of two track loading conditions: the minimum vertical 
pressure between sleeper and ballast during cyclic loading and the influence 
of temporary vibrations/impacts on the settlement. 

2 Loading Conditions in the Track 

2.1 Minimum Load During Cyclic Loading 

Under a moving uniform load, the loading of the ballast layer under the 
sleepers can be seen as nearly cyclic. Also, in reality the profile of the bal- 
last surface is not even. Therefore, when comparing adjacent sleepers one 
finds that there is a variation in maximum and minimum load. Under voided 
sleepers, the vertical minimum pressure is zero and in the unloaded condition, 
there is a gap between the sleeper and the ballast (Fig. 1). 




Fig. 1. Loading of sleepers with different seating 



For specific axle distances and maybe especially with fast trains, a lifting of 
the sleepers in front of and behind the wheel is possible. Also, in this situation 
the minimum load in a load cycle is reduced, at least for a short time (Fig. 4). 
Concerning these conditions, we wanted to And out if the degree of unloading 
is a decisive factor and if maybe especially the lifting of the sleeper from the 
ballast surface is very severe. A first indication that the minimum load is 
important is given in [3]. 

2.2 Vibrations and Impacts 

The second specific question concerns the influence of vibrations and impacts 
on the track settlement. As we can see from measurements (Fig. 2), along with 
the moving static load, the passing of a train is combined with a vibratory 
loading of the track; this happens because of irregularities of the track or of 
the wheel. Concerning accelerations, the frequency content can be very high, 
even above 100 Hz. Also, the moving load means a dynamic loading of the 
track itself. 
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Fig. 2. Deflection curve of an El 03 engine 



1 St axle 2nd axle 




Fig. 3. Acceleration signal from a measurement [4] on a sleeper for an ICE at about 
200 kph. Low pass Altered at 200 Hz; acceleration close to 6 g; vibration significant 
about 80 Hz 



Dynamic action, of course, could lead to higher maximum stresses in the bal- 
last layer. Fig. 3 shows additional deformation mechanisms. It is not unlikely 
that because of the dynamic loads the ballast is pushed aside. A high accelera- 
tion level could relieve the slip between the particles or even lead to a jumping 
of ballast particles. Because of dynamic loading of the track, other mecha- 
nisms of permanent track deformation are generally possible, compared to 
those which could be observed during low frequency cyclic model tests. The 
increase of vibrations with increased speed of trains is shown in [5]. Find- 
ings by other authors concerning dynamic loading will be referred to where 
appropriate. 
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Fig. 4. Principal additional deformation mechanisms because of a dynamic loading 
of the track; (a) jumping of particles at high acceleration level, (b) ballast pushed 
aside 



3 Experimental Research and Findings 

For the experimental investigations two test rigs were used: a relatively large 
one with a 1: 1-model of a four sleeper track segment and simplified tests 
with a single half sleeper. The test results are presented in chronological 
order. Therefore, in 3.1 the tests with the large set-up are described. These 
are the tests we started with and where we learned a lot about the general 
settlement behaviour. Here, some of the main objectives of our research work 
are introduced, but descriptions and explanations are kept to a minimum 
needed for a basic understanding. 

We found out that for investigating the specific questions appropriately, the 
smaller set-up was especially useful. While with the large set-up it was un- 
avoidable to include several loading mechanisms at the same time, the sim- 
plified tests provided us with the opportunity to investigate the different load 
mechanisms separately. Therefore, the extended description of our research 
and findings is to be found in 3.2 (for the lower load during cyclic loading) 
and 3.3 (for the dynamic excitation) with the description of the simplified 
tests. 



3.1 First Tests with a Large Track System 

Set-up and Test Sequence We started our experiments with a relatively 
large set-up, which can be seen in Fig. 5. The test rig consisted of a concrete 
trough filled with soil, tamped in layers by a tamping plate. Then, a ballasted 
track with four sleepers was built up. The rail was cut in the middle to avoid 
an unwanted voiding under the immobile load actuator. 

The measurement device includes sensors for displacement, velocity and ac- 
celeration on the sleepers, pressure cells (by means of strain measurements 
between stiff plates with a diameter of 10 cm) and accelerometers in the 
ballast and protection layer, as well as lateral displacements at the ballast 
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Girder 




Fig. 5. Assembly of the geotechnical test rig 



slope. For the dynamic measurements, the sample rate was usually 2 kHz. 
Nevertheless, signals in the figures of this text are low-pass filtered at 200 
Hz, which is only important for the acceleration measurements. The reason 
for doing this was to reduce very short peaks which should be meaningless 
for the settlement behaviour. Also, it should be mentioned that because of 
the definition of the sign of the load, the most negative value of the load is 
referred to as the maximum load, the most positive as the minimum load. 

For a basic understanding of the settlement behavior of the track, we started 
with low frequency (1.5 Hz) cyclic loading tests. These tests mean a preload- 
ing of the track and the occurring long-term settlement curves are used as 
a comparison for the very different tests taking place immediately after the 
cyclic loading. In this next part of the tests we applied certain dynamic load 
sequences we thought to be realistic. 

As outlined before, in reality though, we see short impacts by the sleepers in 
a certain distance to each other. Dynamic loads are accompanied or followed 
by nearly static loads. The ballast is generally compacted and constrained. 
We tried to take these facts into account in our test concept. Therefore, here 
and in all other tests including dynamic loads we worked with a test sequence 
as is shown in Fig. 6, with an alternation between dynamic and cyclic load- 
ing. Through the cyclic loading, it is guaranteed that the maximum loads of 
the preloading in part 1 is reached from time to time. The repeated cycles of 
cyclic loading also give a good basis for measuring settlements and compar- 
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10-240 kN, 1 .5 Hz impacts 




Fig. 6. Example of a test sequence; an alternation between impacts and cyclic 
loading 



ing deformation behavior at several test stages. Following a recommendation 
in [6], the ballast is preconditioned with a tamping plate, since with sand 
settlements are highly overestimated for loose fillings compared to preloaded 
ones (even if the void ratio of the sample is the same). 



-2 -2r 




cycles X 10^ sequences 



Fig. 7. Settlement for a sleeper (S3) with cyclic and then with an alternation of 
cyclic and dynamic loading 



Test Results An example for the tests we have done is given in Fig. 7. 
A relatively small increase in permanent deformations is observed after the 
first cycles are over. Here it is 500.000 cycles under a cyclic load between 
— 10 and —240 kN at 1.5 Hz. The settlement curve would be fitted well by a 
logarithmic function. The figure on the right shows the settlements under the 
effect of the impacts mentioned before. We alternated between some impacts 
and some cycles of cyclic loading. The cyclic load amplitudes are the same we 
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applied during the first 500.000 cycles. On the horizontal axes the number of 
such sequences is drawn. 500 sequences only mean some thousand additional 
cycles. A greater increase in deformations than before can be seen. This must 
be caused by the impacts. 

Having a closer look at details, we did find that during the impacts the maxi- 
mum load is far smaller than during cyclic loading. This was also true for the 
stresses we have measured in the ballast layer in lateral and vertical direc- 
tions. The maximum vertical downwards displacement of sleepers was smaller 
during impacts as well. But the sleepers are lifted a little more during the 
impacts than during cyclic loading. Also, high accelerations in the ballast 
are observed. It was most interesting to see that our initial thesis could be 
confirmed at a realistic model. The settlements increased whenever dynamic 
loads were applied and the minimum load was lowered temporarily, although 
the load, pressure and deflection maxima were not higher than before. Nev- 
ertheless, in order to be able to say which one of the two parameters is how 
important for the settlements, we decided to choose a simplified set-up to 
investigate the parameters separately. 

3.2 Simplified Tests - Minimum Load During Cyclic Loading 




E 

lO 

o 



"-3 m 



Fig. 8. Set-up for tests with a single half sleeper 



Set-up and Test Sequence Fig. 8 shows the second test rig. The loading of 
the 1: 1-track model is brought about by a single half sleeper. For the support 
of the ballast layer, different stiffnesses are introduced by ballast mats or (as 
a more rigid support) a plate of stiff wood. A stiff and a joint connection 
between actuator and sleeper is possible. The load cell is between the sleeper 
and the load actuator. Therefore, a load of zero indicates that the weight of 
the sleeper is still on the ballast layer. 
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The first aim in these tests was to find out more about the influence of the 
lower load during cyclic loading on the settlement. In several tests we varied 
the lower load up to a gap between ballast and sleeper as shown qualitatively 
in Fig. 9. To enable the lifting, test control has to be changed to displacement 
control with a load limit. With the software used the gap can be kept constant, 
even when settlements occur. 




Fig. 9. Load sequence for the tests. Load and displacement between sleeper and 
ballast. While the maximum load is the same, the minimum load is reduced stepwise 
until a lifting of the sleeper from the ballast occurs 



Test Results The tests carried out clearly show the evidence of the un- 
loading condition. The test shown in Fig. 11 summarizes results obtained in 
the other tests (support: a plate of hard wood). We started with a low fre- 
quency loading from —2 to —30 kN. When we increased the upper load from 
—30 to —40 kN, deformations also increased significantly, as is well known 
from other tests. Decreasing the lower load only from —2 to H-1 kN - which 
means a near neutralization of the sleeper weight - leads to an increase in 
settlement again. In the next step, we created a void during unloading by 
lifting the sleeper from the ballast surface. This led to the largest increase 
in settlements by far. We also measured lateral deformations at the slope, as 
can be seen in the third graph of Fig. 11. Horizontal deformations increase, 
especially when the sleeper is lifted from the ballast surface. The explanation 
for the large influence of unloading on the settlement can be found in the 
non-linear load-displacement relation (Fig. 12). A small change in minimum 
load effects a relatively large change in deformations in one cycle. Rotations 
and rearrangements of the ballast particles are likely to happen, as we were 
able to observe in a first test without an embedding of the sleeper, where we 
had a look at the ballast surface between sleeper and ballast. 

The ballast particles certainly move most easily if there is a low minimum 
load. This also means that at that point any kind of additional disturbance 
- like horizontal sleeper movements or vibrations - can be extremely severe 
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Fig. 10. Permanent deformations due to low load level during cyclic loading; at 
250.000 cycles, a gap exists during unloading 




Load [kN] 




Load [kN] 



Fig. 11. Load-displacement relation at different test stages with a different load 
minimum. The figure on the right obviously shows the situation with a gap 
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concerning the settlement. For instance in [7], it is shown from measurements 
that especially the lateral dynamic motion of the sleepers increases with the 
track irregularities. Also, because of temperature changes and loading the 
rail deforms laterally, for example at bridges, as is reported in [12]. This will 
also affect the sleepers and thereby the ballast surface. Again, particles could 
be rearranged, leading to increased settlements. 




Fig. 12. Change of lower load during cyclic loading 



Table 1. Load sequence for temporary track lifting 



series 


PMIN[kN] 


PMAx[kN] 


cycles 


A 


-2 


-40 


- 


Bl 


-2 


-40 


200 


B2 


+1 


-40 


5 


C 


+1 


-40 


- 



Temporary Track Lifting Even in a perfect track, a lifting of a sleeper 
can happen temporarily. Whether this is important in any way can be seen 
when looking at the sequence in Fig. 13. Firstly, we had the cyclic loading 
from —2 to —40 kN. Then we alternated between more and less unloading. 
The sequence can be seen qualitatively in Fig. 12. Following Tab. 1 it is 200 
cycles between —2 and —40 kN (Bl) and then 5 cycles +1 to —40 kN (B2) 
and so on. We found that even the temporary appearance of some sequences 
with a lower load lead to an increase in settlements. 



3.3 Simplified Tests — Dynamic Excitation 

The other topic we dealt with is the influence of dynamic excitation on the 
track. We did several experiments with base excitation, dynamic excitation 
brought about by a sleeper or, as a special case, with impacts of a voided 
sleeper. 





(a) (b) (c) 

Fig. 14. (a) Base Excitation, (b) excitation from the top, (c) impacts of a voided 
sleeper 



Introductory Remarks Some research has been done on the influence of 
dynamic loading of the track. Firstly, the increase in maximum pressure be- 
cause of the increased dynamic loads is taken into account. This can be done 
with nearly static cyclic model tests. Therefore, for instance [8] finds an in- 
crease in settlements with the power of 1.6 of the maximum load (conclusion 
in [1]). Other researchers do tests with a harmonic base excitation of a bal- 
last sample. Generally, the result is a threshold value for destabilization and 
settlements of about 1 g ([9], [10] and literature cited there). This is caused 
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by the fact that in this case the ballast cannot follow the excited table in the 
downwards movement. 

Base excitation of a track is sometimes to be found on short bridges for high 
train speeds when a resonance of the bridge deck follows the train passing. 
In our own tests with base excitation of a ballast sample [11] we also found 
a destabilization of the ballast at least at about 1 g, but earlier for higher 
frequencies (frequencies up to 50 Hz). The destabilization includes a rapid 
change in particle contacts which sometimes is referred to as fluidization. For 
higher frequencies, there is an ampliflcation of the vibrations from the table 
to the top of the track. The tests were carried out with a 1: 1-model of a 
bridge segment with a four sleeper rail grid. For a track model with a slope 
we observed a flattening of the slope for higher accelerations. Obviously, the 
particles on the surface slide and roll down (lateral flow) . Another impression 
is that higher frequencies are not so severe at the same acceleration level in 
the ballast layer, but this is hard to prove by measurement data with these 
tests. More research is needed to clarify this point. Generally, the observed 
destabilization does not say very much about the amount of settlements, 
which could occur in reality due to this excitation. In reality the track loading 
on bridges is an alternation and interaction between the base excitation of the 
bridge desk and the cyclic loading of the track from the top, which is missing 
here. Also, the tests are done with a compacted, but not preloaded ballast 
sample. Nevertheless, of course an excitation that could lead to destabilization 
- the point we were investigating - has to be avoided. 

Generally, our main objective here is an excitation from the top. This is cer- 
tainly more difficult to understand and tests are more difficult to perform. 
At this point it is only possible to show general trends. From a certain ex- 
citation level particles on the top will lose contact temporarily. If so, then 
the motion of the particles is not periodic anymore. The flight height can 
increase with the number of load cycles as is shown for example in [13]. As 
said before, in measurements we see a variety of short impacts and more or 
less cyclic loading. If the dynamic action loosens the ballast, then the cyclic 
loading leads to an increase in confining pressure again. This has to be taken 
into account. Furthermore, in a test box, standing waves can occur due to 
the harmonic excitation. Therefore, our conclusion is that for the simulation 
of other dynamic loading conditions in the track than that on bridges, a per- 
manent harmonic excitation of the track model is usually misleading. Also, in 
contrast to the situation on bridges it is not the whole sample that is shaken 
uniformly, but different parts in the layer behave differently in magnitude 
and phase. 

Another problem is also the fact that it is difficult to separate the different 
mechanisms leading to increased settlement. The influence of the increased 
maximum load on the settlement is well known. If you want to know if the 
additional mechanisms of pushing aside or the jumping of ballast particles 
is important, you have to avoid load conditions where just the level of ver- 
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tical stress or strain is higher than before. Due to inertia this implies not 
only a look at the load measured above the sleeper, but also on the pres- 
sure measurements at the bottom of the ballast layer. In the test sequence 
used mechanisms are separated. The maximum load exists during the cyclic 
loading while additional mechanisms are involved for the dynamic loading. 
Apart from the base excitation of a track mentioned before, we investigated 
two types of dynamic excitation from the top: impacts of a voided sleeper 
and vibrations of a sleeper with a good seating. 

Impacts of a Voided Sleeper A first example for the dynamic loading 
are impacts brought about by a voided sleeper (Fig. 14 c). The influence of 
lifting during cyclic loading has been shown before. But for some cases voided 
sleepers are sometimes pushed onto the ballast layer surface. Supplementary 
to the lifting, results concerning this loading are shown here. 

A A 



P7B 




Bs Ip.u.w 

Q 

PzQ HB Qp9 



P4 



V V 

Fig. 15. Top view and cross-section of sensors referred to in the text 



In the test sequence we used, we pushed the voided sleeper 5 times on the 
ballast surface. This is followed by a cyclic loading (0.5 Hz) between lifting 
(voided sleeper) and —40 kN. Positions of the sensors referred to can be seen 
in Fig. 17. Displacement and loading amplitudes (Fig. 15 a,b) are far smaller 
for the impacts than during the nearly static loading. But accelerations mea- 
sured in the ballast layer are high, even if only short peaks occur (15 c,d). 
The question was: What happens as a consequence of the impacts? In the 
tests we started with some thousand cycles of cyclic loading with the am- 
plitudes mentioned before. Then impact sequences are followed by the same 
cyclic loading (30 cycles). These sequences are repeated about 50 times. The 
settlement increases whenever we apply the impact loading (Fig. 18). 

Some details give a little insight into the mechanisms. Fig. 16 shows a part of 
the loading sequence. The cyclic loading is followed by some impacts which 
are again followed by cyclic loading. The lower figure shows the load dis- 
placement relation at several stages of the test, marked differently. What we 
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Fig. 16. Time signals for impact and cyclic loading of the track. Displacement load 
actuator (a), load (b), accelerations on sleeper (c) and under sleeper (d), pressure 
measurements vertical (e) and horizontal (f, g) in the ballast layer 



can see are nearly equal curves for the final cycles of each sequence of cyclic 
loading. A little settlement increment can be guessed at. The dotted curve 
follows directly after the impacts. Here, the level of the ballast layer has lifted 
and the stiffness at loading is obviously reduced. The ballast has loosened a 
little because of the impacts. The latter fact can also be seen from the pres- 
sure measurements we did. During the impacts, the stresses are reduced a 
little (Fig. 15 e, f, g). During the cyclic loading they increase again. The 
settlement does not increase immediately after the impacts, but needs some 
cycles of cyclic loading. Due to the impacts the rearrangement of particles is 
relieved. 



Dynamic Excitation from the Top We also did some experiments with a 
dynamic loading from the top and a good sleeper seating. After 25.000 cycles 
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Fig. 17. Increased settlement after sequences with impacts are applied. Only cycles 
of cyclic loading are counted 
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Fig. 18. Load-displacement relation for different test stages (b) corresponding to 
the sequence (a) 
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of cyclic loading for comparative use, we introduced sequences with low load 
amplitudes at higher frequencies. We varied the frequency, the amplitude 
and the number of cycles to get a first impression about key parameters in- 
fluencing the settlement behaviour. Sequences with dynamic loads are again 
alternated with 30 cycles of cyclic loading. The cyclic loading for the preload- 
ing and after each dynamic event has again an amplitude between —40 kN 
and a lifting of the sleeper from the ballast surface. This is done to guarantee 
that increased settlements do not just occur because the sleeper is lifted more 
during the dynamic loading. In further tests we will change that. For the five 
test series basic data is given in table 2. 



Table 2. Data for the dynamic loading during test series SI to S5 



series 


f[Hz] 


Po[kN\ 


Ap 


cycles 


SI 


80 


10 


Fig. 19 a 


2 


S2 


80 


10 


Fig. 19 b 


2 


S3 


80 


10 


Fig. 19 c 


2 


S4 


30 


10 


Fig. 19 d 


2 


S5 


30 


10 


Fig. 19 e 


20 



The load amplitudes behind this data can be seen from Fig. 19. The load and 
an acceleration signal (measurement in ballast layer under the sleeper) are 
shown to characterize the loading. The intermediate cyclic loading is the same 
as in Fig. 15. Three test series were performed with 2 cycles at 80 Hz (Fig. 19 
a-c). The amplitude is increased for every series. What can be seen from 
Fig. 20 is a strong increase of settlements for the highest acceleration level, 
where the peak is about 4 g. The tests do not indicate, that 1 g is a threshold 
value from which settlements increase rapidly, as is sometimes mentioned. 
Test series S4 and S5 were done with an excitation at a lower frequency of 30 
Hz. The difference in these series was the number of cycles which is changed 
from 2 to 20. Also, comparing the series, at S4 the amplitude is little higher 
than during S5. Nevertheless, the increase in settlements is more rapid for 
the more permanent excitation in the series S5. Even S4 leads to an increased 
settlement, although the acceleration level is not so high compared to S1-S3. 
Therefore, a first simplified conclusion could be that settlements naturally 
increase with the amplitude of excitation and that lower frequencies have a 
more deteriorating effect. 

An approach where settlements increase with accelerations could be useful (as 
for example in [14], [15]), but it is questionable that the frequency content is 
unimportant. The deformations for accelerations at high frequencies become 
so small that this must be a relevant influence. Accelerations can be very high 
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Fig. 19. Load and acceleration measurements corresponding to Fig. 20; (a) series 
SI, (b) series S2, (c) series S3, (d) series S4, (e) series S5 



in a real track. By the institute of the authors measurements were performed 
where accelerations as high as 17 g on a sleeper occured. This usually happens 
because of single peaks and belongs to a frequency content far above 100 Hz. 
Therefore, the peak is also very much dependent on the sample rate. It is 
necessary to learn more about how to assess a measured signal with regard 
to the settlement. For instance in [16], a procedure is described which looks 
at the energy level of lower frequencies of the vibration close to the track. It 
could be observed that a lateral flow of particles is most common at places 
with a high level at these low frequencies and therefore has to be avoided. As 
said before, a value of about 1 g is not a threshold value. This can also be 
understood from the fact that acceleration amplitudes reduce rapidly with 
the distance from the sleeper. Even accelerations in the ballast layer under the 
sleeper are slightly lower than on the sleeper (as long as there is a permanent 
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Fig. 20. Settlements for the test series S1-S5; only cyclic loading for 25.000 cycles, 
then dynamic sequences 
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contact between sleeper and ballast layer) . Where they are highest under the 
sleeper, the ballast is confined and can not rearrange easily. So it is not likely 
that the influence of dynamic excitation can be characterized by one or two 
single values. 



4 Summary and Outlook 

In our application to this research project two years ago, we formulated the 
thesis that the ballast layer could react very sensitively to a low minimum ver- 
tical load during unloading which again could lead to increased settlements. 
This text deals with some basic mechanisms we observed with this low min- 
imum stress. What we did see is that settlements are influenced strongly by 
the level of unloading. A reduction of the minimum load usually leads to a 
larger increase in settlements than an equal-sized increase in the maximum 
load does. Under voided sleepers, ballast might not receive the maximum 
pressure, but deformations are more likely to occur. This is also true if a 
lower degree of unloading is only included from time to time. The clarifi- 
cation of the influence of the lower load level during cyclic loading on the 
settlement process has strong implications on the understanding of the long- 
term behaviour of the real track. 

Dynamic effects increase the settlement process of the track. Examples for 
dynamic loading are the impacts under a voided sleeper, the base excitation 
on some bridges or just the moving vibratory load of the train. We did find 
that a dynamic excitation can not be simply modelled by the use of higher 
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maximum loads. Concerning the impacts of a voided sleeper we were able 
to show that the ballast particles are loosened and therefore the rearrange- 
ments are relieved. Because of the impacts the settlement is further enlarged 
at voided sleepers (compared to cyclic loading). First test with a dynamic 
loading for a good sleeper seating indicate that increased settlements occur 
because of the dynamic action, even if the force applied is small. Taking the 
acceleration level for comparative use, one finds that higher amplitudes and 
lower frequencies and the number of dynamic cycles are decisive parame- 
ters. However, these are first results which have to be further validated and 
complemented. 

In general, settlement equations only including the maximum load and a track 
stiffness parameter are lacking some main aspects of track settlement. Im- 
proved settlement laws and suitable numerical procedures are needed. For the 
cyclic loading of the track, advanced continuum descriptions are developed 
in Karlsruhe and Kassel (see their reports in this volume). If the vibration 
level increases, it can become necessary to take into account the single bal- 
last particles. For instance in Hannover (also this volume), a two-dimensional 
model with discrete elements has been used to investigate track settlement. 
While there is certainly still a lot of development and validation necessary, 
this might be the best option for a numerical investigation of the dynamically 
loaded ballast layer. Validation of a discrete particle model at simplified tests 
is a challenge for future research work. 

Especially concerning dynamic loading, more research still needs to be done 
to clarify which conditions lead to increased settlement. This is important to 
obtain improved track structures in the future. 
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Abstract. The simulation of the interaction between a railway bed and a train 
calls for the development of a reliable computational model. Whereas models for 
the train, developed with conventional methods, exist and are applied successfully 
in industry, there is no suitable model to describe, in detail, the dynamic behavior 
of the bedding, the foundation, and the undisturbed soil. 

A simple possibility to take into account these subsystems is to assume an elastic 
embedment (Winkler model). This model, however, does not fully represent the 
elasticity and damping, especially in the case of wave radiation. Therefore, the 
computational results obtained with this approach do not correspond well to mea- 
surements. 

The present project deals with a combination of the boundary element method 
(BEM) and the finite element method (FEM) for the numerical analyses of bedding- 
foundation-soil interaction problems. Different material laws, e.g., an elastoplastic 
and a damage model, are implemented in order to investigate the influence of dif- 
ferent nonlinear models on the dynamic interaction. The accuracy and applicability 
of the model is shown by several examples, namely a benchmark problem, a tunnel 
system, and a number of railway track configurations. 



1 Introduction 

The dynamic behavior of a railway track system often is of particular im- 
portance. In the construction phase, for instance, its short and long term 
behavior under dynamic loads have to be considered and it must be exam- 
ined if the underlying soil needs to be taken into account. Unless there is a 
massive rock foundation, the soil usually has a significant influence on the 
railway track behavior. 

Up to now, numerous techniques have been developed which allow to take 
the soil into account. However, these are employed mainly for the investiga- 
tion of the dynamic interaction between structural systems and the soil, and 
all have their merits and drawbacks. Thus, the so-called “layer method”, as 
suggested by Kausel and Roesset [16], Lysmer and Kuhlemeyer [25], Lysmer 
[24], and Waas [37], can be applied only to a horizontally layered unbounded 
medium. Other methodologies, which use an approximate boundary condi- 
tion at the edge of a finite element mesh, often do not take into account the 
properties of the unbounded medium in a proper way. In most cases, these 
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so-called “transmitting boundaries” are based on the theory of wave propaga- 
tion, enforcing outgoing plane waves [17]. An interesting approach has been 
developed recently from the standard layer methods discussed above. It is 
the so-called “thin layer method” , which can be used efficiently also for the 
modeling of a stratified halfspace. The methodology is described by Kausel 
[18] and successfully applied, e.g., by Savidis et al. [33] [34]. 

Further promising approaches, including simple analytical models as well as 
BEM and FEM approximations, are discussed in detail by Wolf [39] and Wolf 
and Song [38], [40]. In these references also many additional research activi- 
ties by other authors are discussed which shall not be repeated here. 

Aiming to improve the modeling of railway track systems, several develop- 
ments have been carried out up to now. As a representative publication of 
those models, where a track system is introduced without using a continuum 
formulation, Ripke’s dissertation [31] should be mentioned. Based on a model 
for the dynamic of an infinitely long rail, Ripke developed a train-track model 
of finite dimensions, where the foundation has been taken into account using 
special bedding numbers for the ballast. 

Some remarks on the importance of a proper modeling of the bedding- 
foundation-soil system are given by Knothe and Wu in [20] . They compare the 
vertical dynamic behavior of a track system, which is, on one hand, coupled 
to a halfspace, on the other hand just modeled as a viscoelastic foundation. 
Particularly in the frequency range below 250 Hz, significant differences be- 
tween the two models could be observed and it was shown that the halfspace 
model yields more accurate results then the viscoelastic one. 

For taking into account the bedding, the foundation and the undisturbed 
soil, the usage of discretization methods, such as the FEM and the BEM, is 
gaining more and more of importance. The major reason for this trend can 
be seen in the fact that these methods are rather accurate and provide a high 
flexibility when complicated subsystems have to be modeled. The drawback 
of a rather long computation time loses in significance in view of the rapidly 
growing computational power and the continuous improvement of the com- 
putation algorithms (see, e.g., [19]). 

A proper track model needs to meet certain requirements. In particular, the 
behavior of the rail-sleeper system, the ballast, the subgrade, and the soil 
needs to be represented [32], [36]. Moreover, if the nonlinear behavior of some 
of these components shall be taken into account, only formulations given di- 
rectly in the time domain can be used. For subsystems of finite extension, the 
use of finite elements seems to be advantageous as shown, e.g., by Luo, Yin 
und Hua [23] in the case of the ballast. Difficult, however, is the modeling 
of the ’’infinite” soil with finite elements. Here the usage of infinite elements 
could be a solution. Such an approach, however, does not exist as a transient 
formulation yet, and even in the frequency domain the formulation of such 
elements is still rather limited (see, e.g., [22]). 

The modeling of the infinite soil is mostly done by means of boundary ele- 
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ments [4]. This implies, however, that the soil medium is homogeneous and 
behaves linearly elastic. Material damping can be taken into account, as sug- 
gested by Gaul et al. [13], [14]. 

In view of these aspects, the idea of coupling FEM and BEM directly in the 
time domain was born. With such a formulation inhomogeneities and non- 
linear effects could be taken into account in the finite element submodels 
whereas boundary elements were employed to represent the infinite soil [10]. 
Alternatively, Savidis, Bode and Hirschauer [33], [34] suggested the usage of a 
halfspace consisting of a number of thin layers instead of boundary elements. 
An important issue with respect to a complete track model is the loading con- 
ditions induced by a moving train. Lefeuve-Mesgouez [21] as well as Pflanz, 
Huber and Schmid [29] investigated in detail the influence of moving loads, 
i.e., a passing train. Moreover, Adam, Pflanz und Schmid [1] investigated 
criteria which might be used to decide whether a 2D or a 3D model might be 
used. 

In all of the research activities discussed so far, it is assumed that the FE 
subsystems behave linearly elastic or viscoelastic. 

This contribution deals with the development of a new model for the in- 
vestigation of complex (nonlinearly behaving) track systems which is based 
on a coupling of FEM and BEM directly in the time domain. The FEM 
is used for the discretization of the bedding, the foundation, and a part of 
the soil in the near field, while the BEM is employed to model the far field 
of the soil as a semi-infinite subdomain (see Fig. 1). In the finite element 
model, inhomogeneities, nonlinear material laws and large deformations can 
be taken into account. The new approach is applied to a number of two- and 
three-dimensional examples in order to show its accuracy and applicability. 
It should be mentioned that further details of the formulation and additional 
results can be found in a number of papers [6], [7], [8], [9], [11], which have been 
published during the course of this project. 




sleeper 

loading 



ballast 
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Fig. 1. Discretization of a 



railway-track system with FEM and BEM 
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2 Computational Model 

In this section the computational model is briefly introduced by summarizing 
the basic equations of the FEM and the BEM, followed by an explanation of 
the coupling strategy. To give an idea of possible improvements with respect 
to computation time, some corresponding aspects are discussed as well. 



2.1 Finite Element Method 

The starting point for the flnite element formulation is the weak form of the 
dynamic equilibrium [2]. It can be formulated in the undeformed reference 
conflguration i?o of a volumetric body, such that 



/ -f- / poiliWidV G ext — 0? (1) 

J Qq J Qq 

where Fij = dxi / dXj represents the deformation gradient (Xj and Xi are the 
components of the vector deflning the location of a point of the body at the 
beginning and in the current state of the calculation, respectively) and Wi is 
an admissible test function; po is the material density in the undeformed state 
of the body, while Ui indicates its unknown acceleration fleld. The virtual 
work of the external loading is given by Ggxt- Finally, Sij indicates the second 
Piola-Kirchhoff stress, given by 



Sij = 



where p is the density of the deformed body, F~-^ = dXi/dxj is the inverse 
of the deformation gradient and Tij are the coefficients of the Cauchy stress 
tensor. 

A linearized form of equation (1) is obtained by using its first variation with 
respect to the state variable u. Assuming that the load vector does not change 
its direction throughout the simulation, this linearized form can be written 
as 



SG — / S Sij Ff^iWjc^j dV “ 1 “ / SijSFf^iWj^^jdV 
J Qq j Qq 

— I Gijrni^FfYiiFj^iWj^jdV + / SijSFj^iWi^jdV^ 
J Qq j Qq 



where Cijki is the material tensor. This can be determined by differentiating 
the Piola-Kirchhoff stress tensor S, given in equation (2), with respect to the 
Green-Lagrange strain tensor E, defined by 




( 4 ) 
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One obtains 

Note that in equation (3) the variations SFij = 6uij and 5Eij — \{5FkiFkj + 
FkiSFkj) are used. Moreover, in equation (4) Sij is the Kronecker symbol, 
defined by Sij = 1 ii i = j and Sij = 0 i ^ j. 

The major advantage of the formulation briefiy summarized above can be seen 
in the fact that all integrals of equation (3) can be evaluated with respect 
to the undeformed configuration at time to (Total Lagrange Formulation). 
Further details can also be found in [2]. 

The basic problem in transient nonlinear analyses is to find the state of 
equilibrium of a body subjected to an external time dependent load. To solve 
such a problem, we assume that the solution for the discrete time ti is known 
and that the solution for the discrete time = ti + At is required, where 
At is a suitably chosen time increment. For each time step, the equilibrium 
conditions of a nonlinear finite element system representing the body can be 
expressed as 

- F = 0 (6) 

where the vector F contains the sum of all externally applied nodal forces. 
In the vector F, on the other hand, the nodal forces, which correspond to 
the element stresses and the dynamic part of the equilibrium due to inertia 
effects in the current configuration, can be found. 

Using the linearized equation (3), an effective tangent stiffness matrix Keff 
can be derived which corresponds to the geometric and material conditions at 
time t and also contains the mass matrix. Since this stiffness matrix depends 
on the deformation of the system, in each time step an iteration has to be 
performed employing, e.g., a Newton iteration scheme as given in Fig. 2. 



2.2 Boundary Element Method 



In the small displacement theory for homogeneous, isotropic, and linear elas- 
tic materials, the equation of motion (1) can be rewritten as 



(Ci - (^)ui^ij + c: 






= -bj 



( 7 ) 



where a Cartesian coordinate system {i = 1,2,3) is used. ci and C 2 are the 
velocities of the pressure and shear waves, respectively. They are defined as 



c 



2 

1 



E{1 — ly) 2 ^ 

p(l -h i/)(l - 2i/) ’ 2p{l 1/) 



(8) 



where E indicates Young’s modulus, ly the Poisson’s ratio, and p the material 
density. 
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n: number of the current step in the Newton-Raphson iteration 

Rn - vector containing the sum of the nodal forces corresponding to the 

element stresses at step n and the dynamic part of the equiblirium 
F: global load vector 

Un- vector of the nodal displacements at step n 
Keff,n- effective stiffness matrix at step n 



Fig. 2. Solution scheme for uncoupled nonlinear FEM calculations 



Assuming zero body forces hj and zero initial conditions, the equation (7) 
can be reduced to an integral equation of the form 



diUi{i,t) 




{UjSj SjUj)dr 



dr 



(9) 



in which Uj{x, t) and Sj{x, t) represent the displacements and tractions at the 
body surface F at time t. Ui{x^t) is the displacement at an arbitrary point 
^ located either on the smooth surface {di — 0.5) or in the interior of the 
body {di — 1.0). The fundamental solutions according to the displacements 
and tractions are marked by a star (*). More details can be found, e.g., in 
[10] and [28] . 

For the numerical solution of equation (9) , a discretization of the body surface 
with boundary elements as well as a discretization of the observation time by 
equal time increments At is needed. Collocation at each boundary node and 
at all time steps finally leads to a system of equations [10] 



m — 1 

Ui^) g{rn) ^{k) _ jj{m-k-\-l) ^{k) 

k=l 



(10) 



which is valid for each time step and are influence matrices, which 

contain integral terms, evaluated over each boundary element and over the 
time step i. The vectors and contain the according displacements 
and tractions, respectively. 

To obtain consistency between the FE and BE formulations, the boundary 
tractions s have to be transformed by means of a matrix M such that 



F = Ms 



( 11 ) 
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where the vector F contains resultant nodal forces. For each boundary ele- 
ment Fe the elements rriij of the transformation matrix M can be calculated 
using the shape functions Ni (see, e.g., [10] and [3]) 

Mij = [ NiNjdF. (12) 

JPe 

Using equation (11), a global nodal force vector can be formulated which 
relates the BE nodal forces to the displacements at the time step m and a 
sum of the influence of all previous time steps {k = 1, 2, ...,m — 1): 

p(m) ^ ^ + 




2.3 Coupling Strategy 

The coupling of those parts of the considered body, which are discretized by 
finite elements, and other parts, modeled by boundary elements, can be done 
by satisfying the continuity conditions along the FE/BE interfaces, namely 
the displacements of the FE and the BE nodes have to be equal along com- 
mon interfaces and, in addition, equilibrium has to be ensured. 

At the interfaces, the nodal forces resulting from the BE equation (13) can 
be treated as additional loads in each iteration. Consequently, the coupling 
algorithm can be obtained by modifying the FE algorithm given in Fig. 2. 
This yields the new procedure as depicted in Fig. 3. Since nonlinearities may 
occur only in the FE-subdomains, the geometrical linearity is checked along 
the interfaces by observing the strains at the interface nodes. 

Assembling the FE- and BE submatrices, one obtains a coupled system of 
equations (14), 




where the global system matrix is, due to the BE part, not symmet- 

ric and not positive definite anymore. A special solution strategy has been 
developed to handle these systems in an efficient way. 
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m: number of the current step 

H\ vector containing the influence of all previous time steps 
Kb’’ effective stiffness matrix (BEM) 



Fig. 3. Solution scheme for the coupled nonlinear FEM/BEM calculations 



2.4 Computational Aspects 



The new coupling procedure discribed in the privious sections can be devided 
in the following steps: 

1. computation of the BEM influence matrices 

2. transformation of the influence matrices with M (equations 12 and 13) 

3. assembling of the coupled stiffness matrix 

4. solving of the system of equations in order to obtain the nodal displace- 
ments 

5. computation of the secondary unknowns, e.g., the stresses. 

In most cases, the computations of step 1 and step 4 are the most expensive 
one compared to the the others. 

For the computation of the influence matrices (step 1) and their transforma- 
tion (step 2), a considerable number of operations exists, which needs to be 
repeated using various parameters. An essential speed-up could be obtained 
by implementing parallel processing of the algorithms of the steps 1 and 2 
using MPI (Message Passing Interface) [30]. In the case of four examples, 
whose dimensions are given in Table 1, the improvement is schown in Fig. 
4. Choosing a suitable number of processors, a CPU usage of the processors 
close to 100 percent can be reached. 

The resulting stiffness matrix of the coupled system is nonsymmetric and 
not positive definit, however, sparsely populated. Therefore special solution 
algorithms are used for the inversion of the system of equations (step 4). 
A significant improvement with respect to the computation time could be 
obtained by employing the solver provided in the SuperLu subroutine library 

[ 41 ]. 
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Fig. 4. CPU-time for the computation of influence matrices 



Table 1. Dimensions of the four examples (coupled/uncoupled) 



System 


Dim. of influence matrices 


No. of influence matrices 


FE/BE 1 


1107 


51 


FE/BE 2 


1107 


28 


BE 1 


675 


51 


BE 2 


675 


28 



3 Numerical Examples 

According to the development steps of the new model, the numerical ex- 
amples documented next are distinguished in two- and three-dimensional 
investigations. 

3.1 Two-Dimensional Systems 

The two-dimensional model provides a very helpful approach to gain a first 
idea of the dynamical behavior of a complicated track system. It can be 
used under the assumption that the loading condition and the system do 
not change in one direction (perpendicular to the investigated plane). Two 
representative examples are discussed, namely a railway track on a halfspace 
and a track in a tunnel. The latter is thought to demonstrate the flexibility 
of the new approach. 

Railway Track on a Halfspace. The example deals with the nonlinear 
behavior of a railway track on a halfspace. The system consists of three sub- 
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regions: the sleepers (region I, discretized with finite elements), the ballast 
including the subgrade (region II, discretized with finite elements), and the 
undisturbed soil (region III, discretized with finite elements and with bound- 
ary elements). The complete geometry and its discretization can be found in 
Fig. 5. 



System: - 


do o 1.8 P.^P. 




F 


F 


[inl 
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Diseretization; 
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1 ^ 




A 
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1 

Kl O 







m 



2.775 ^2“^ 5.4 

horizonlal strip 



[ml 

" T 



Transient Load: 
F[kNl 




5xAi 



Ms] 



Ballast: 

Young’s modulus: E = 1.28 x 10^ kN/m^ 
Poisson’s ratio: v = 0.25 
Pq = 1.7 t/m^ 

initial yield stress: Yq = 10 kN/nn? 

Soil 

= 5.7 X 10^ kN/m^ 

V = 0.25 
po = 1-7 t/m^ 

Damage in near field: a = 1 and /3 = 0.5 
Fig. 5. Railway track on a halfspace 



Materialparameters; 

Sleeper: 

Bulk modulus: k = 6.68 X 10® kN /ni^ 
Lame constant: p, = 2.63 X 10® kN/m"^ 
density: po = 2.2 t/m® 



In particular, also the parameters needed afterwards for the different material 
laws are depicted in Fig. 6. Throughout the study, the sleepers (region I) are 
represented by a Neo-Hooke material, while in the case of the ballast and the 
subgrade (region II) an elastoplastic material with isotropic and kinematic 
hardening is used as proposed by von Mises (see, e.g. [5]). Using special finite 
elements for parts of the undisturbed soil (region III, FE model), also the 
investigation of local damages is possible. In this example, the damage model 
given by Simo [35] is used. It is based on an elastic model which is extended 
by a damage function depending on two additional material parameters a 
and p. The remaining part of the soil (region III, BE model) is assumed to 
be linear elastic. 
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Fig. 6. Time history of the vertical displacements at point A 



The system is subjected to two vertical loads acting in time as a sequence of 
impulses of F = 100 kN, which each has a duration of one At (Fig. 5). The 
size of the time step At has been chosen such that the pressure wave in the 
undisturbed soil is able to cross one element of the BE discretization within 
one step. 

Fig. 6 shows the time history of the vertical displacements at point A located 
below the sleeper (see Fig. 5). Different combinations of the hardening pa- 
rameters Hiso (isotropic) and Hkin (kinematic) are considered. The maximum 
displacement occurs for Hiso == 0 . For this case also a positive displacement 
can be observed, which means that some tension occurs in the system (i.e., 
the model is not valid anymore). Generally the displacements reduce to a 
constant value as soon as the load is set to zero. 




Step 1 

— -5t6p2 
■ ■ Step S 

Step 30 

Step 120 

Slep ISO 



Fig. 7. Distribution of the damage in a horizontal strip directly underneath the 
ballast at different time steps 



To investigate the distribution of the damage inside the soil material, a hor- 
izontal strip directly underneath the ballast is considered (see Fig. 5). The 
material parameters of the ballast are assumed to be Fq == 10 kN I'm? (initial 
yield stress), Hiso — 5.10^ kN/m? and Hiso — 104 kN/m?. In Fig. 7 the 
distribution of the damage after 180 load impulses is given. As expected, the 
maximum occurs at the center of the considered strip and it may be observed 
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Fig. 8. Time history of the damage at points B, C and D 




Number of I impulses H 



Fig. 9. Micro stresses (isotropic hardening) at points E, F and G for a different 
number of impulses 



that the damage of the soil is converging to a final maximum value. Looking 
at the time histories of the damage at given points B, C and D, which are 
depicted in Fig. 8, the same convergence effect can be observed. 

Finally, the yielding behavior of the ballast is investigated. As before, the 
micro stress, qHiso resulting from the isotropic hardening, is considered. Fig 
9 shows, at given points E, F and G (see Fig. 5), the dependence of this 
parameter from the number of load impulses. It may be seen that also in this 
case the hardening is approaching a final maximum value. Once this value is 
reached, additional load impulses do not lead to further changes. 



Track in a Tunnel. In this example a tunnel which is excited by a passing 
train is considered. In particular, it is investigated whether the stress in the 
surrounding soil reaches the yielding point. 
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The system is given in Fig. 10. It can be divided into four subregions: the 
sleeper, the ballast, the tunnel liner, and the surrounding soil. The sleeper 
is modeled with a nonlinear elastic material law (Neo-Hooke). The ballast is 
assumed to have viscous properties in deviatoric direction only. 



System: 




Transient load: 

F[kN] 




5 X At 

Materialparameters: 

Sleeper: 

Bulk modulus: k, = 6.68 X 10® kN/m? 
Lame constant: ii — 2.63 X 10® kN/m? 
density: po = 2.2 t/m® 

Ballast: 

K = 9.11 X 10^ kN/m'^ 
p = 5.47 X 10^ kN/m^ 

Po = 1-7 t/m® 

T = 10 “^ S 

7 = 0.5 



t[s] 



Tunnel liner: 

Young’s modulus: E = 3 X 10^ kN/rn^ 
Poisson’s ratio: v = 0.16 
Po = 2.5 t/m® 

Soil: 

F; = 5.7 X lo"^ kN/m^ 

V = 0.25 
Po — 1.7 t/m® 

In near field: 

initial yield stress: Yo = 10 kN /m? 



Fig. 10. Discretization of the tunnel system located in a fullspace 



The material damping can be described by two additional parameters, namely 
the relaxation time r and a parameter 7 , which occur in the evolution equa- 
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tion of the internal variable of the viscosity. Details are given, e.g., [35]. The 
liner consists of reinforced concrete for which a St. Venant material law is 
assumed. 

In the vicinity of the tunnel, the surrounding soil is modeled by finite ele- 
ments. The remaining fullspace is represented by boundary elements. In order 
to be able to investigate the hardening process in the soil around the tun- 
nel, an elastoplastic material law as suggested by von Mises (see [5]) is used 
in the finite element subregion. It also contains isotropic hardening. In the 
boundary element subregion, where mainly the wave propagation to infinity 
shall be taken into account, an elastic soil material is assumed. 

To study the development of hardening effects in the ballast and the soil, the 
vertical load representing the passing train is approximated by 15 rectangular 
impulses (see Fig. 10). Each impulse has a duration of two time steps At. 
First, the vertical displacements at point A, located below the sleeper, is 
investigated (see Fig 11). Different values of the parameter Hiso, which de- 
scribes the isotropic hardening, are considered. It should be noted that with 
increasing Hiso the yielding effects are getting more significant which results 
in a decrease of the plastic deformations. Also a certain time shift between 
the load impulses and the occurrence of the maximum (delay) may be ob- 
served. 




Fig. 11. Influence of the isotropic hardening parameter Hiso of the soil on the 
vertical displacement at A 



Second, the distribution of the micro stresses qHiso (hardening) in a horizon- 
tal strip directly underneath the tunnel (see Fig. 10) is determined, assuming 
a constant Hiso — 105 kN/m^. Note that the micro stresses are a common 
quantity to describe the state of the material hardening; g is a hardening 
variable. In the present case, only one load impulse of time duration 2 At 
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has been prescribed. The result is given in Fig. 12. It may be observed that 
the maximum of the hardening occurs below the center of the tunnel where 
the influence of the two vertical loads is superimposed. Close to the edges of 
the tunnel liner, the hardening is increasing as well. This is due to the stress 
concentration at these points. 




Fig. 12. Distribution of the micro stresses (hardening) in a horizontal strip directly 
underneath the tunnel liner at different time steps 



3.2 Three-Dimensional Systems 

In many cases, e.g., if a moving train shall be considered, a three-dimensional 
element model of the track system is needed. Of course, due to limitations 
arising from the available computer power, only a small part of the complete 
track can be discretized. Usually, a limited number of sleepers is considered, 
mainly in order to take into account local three-dimensional effects. Again, 
two representative examples are investigated: a rigid sleeper on a halfspace 
and on a more sophisticated soil model. It should be mentioned that an 
additional example, namely a system consisting of two sleepers, can be found 
in the contribution of Schmid and Friedrich in this book. 



Rigid Sleeper on an Elastic Halfspace (Verification). Consider the 
three-dimensional system given in Fig. 13. It consists of a rigid sleeper of 
20 X 26 X 260 [cm], p = 2145 kg/m^, which is placed on an elastic halfspace, 
whose material properties are E = 1,7 x 10^ kN/m?, v = 0,25, and p = 
1700 kg/m^. While the sleeper is modeled with 2 x 2 x 20 quadratic finite 
elements, the halfspace is represented by 28 x 10 quadratic boundary elements. 
The system is loaded by two vertical forces located at the position of the rails. 
They act in time as a rectangular impulse over a time duration of 50 time 
steps At — 0.000655. 

It should be mentioned that the configuration chosen here has been defined 
within the context of a benchmark of different computational models de- 
veloped during the course of the priority program. More details about the 





372 



Mohammad Firuziaan and Otto von Estorff 





Tima [s] 



Fig. 13. Discretization of the rigid sleeper on a halfspace (left) and a comparison 
of different computational models (right) 



benchmark can be found in the contribution by Rucker, et al. in this book. 
In order to verify the new model developed above, its results (TU HH) are 
compared to solutions calculated by Schmid et al. (RUB) and Savidis et al. 
(TUB). Whereas Schmid and his group are using a BEM approach in the 
frequency domain (here transformed to the time domain) , Savidis and his co- 
workers are coupling finite elements with the thin-layer approach [18]. Fig. 13 
shows the transient vertical displacement of the rigid sleeper. In the loading 
phase, the system reaches its static state after about 0.012 s and returns to 
the initally undeformed situation again after unloading. It can be observed 
that the results obtained with the three different models agree very well. 

It should be pointed out that the different methodologies also have been com- 
pared to measurements. The respective results are discussed in this book by 
Lammering and Plenge and shall not be repeated here. 



Rigid Sleeper on a nonlinear soil model. In order to demonstrate the 
applicability of the new approach in the case of a more realistic soil model, 
a rigid sleeper of 20 x 25 x 250 [cm], p = 2145 kg/m^^ is placed on a half- 
space as before. However, the soil in the vicinity of the sleeper, in a sub- 
domain of 75 X 75 X 300 [cm], is modeled using an elastic-plastic material 
law with a yield surface suggested by Drucker-Prager [5]. The effects of a 
kinematic hardening are also included in this model. The soil outside the 
subdomain underneath the sleeper, i.e. the halfspace, is assumed to behave 
linearly elastic. Its material parameters are the same as in the benchmark 
example {E — 1.7 x 10^ kN/m?^ v — 0,25). Within the subdomain, the 
elastic-plastic model necessitates additional material parameters which are 
the cohesion, c = 10.5 kN/m? ^ the angel of internal friction, 0 = 45, and a 
hardening parameter, H — 100 kN/m?. 
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FEM BEM Coupling of FEM and BEM 



Fig. 14. Discretization of the sleeper on the nonlinear soil model 



The discretization of the FEM and BEM parts are depicted in Fig. 14. The 
sleeper is discretized with 10 quadratic finite elements, the soil material in 
the near field is modeled with 3 x 3 x 12 qadratic finite elements, and the 
remaining soil is represented by 252 quadratic boundary elements. The system 
is loaded, as before by two vertical forces located at the position of the rails. 
They act in time as four rectangular impulse of time duration of 2 x At each 
with a period of 10 x At, where At = 7.216 x 10“^ s. The amplitude of the 
load is P = 50 kN. 

Fig. 15 (left) shows the vertical displacement of the sleeper due to the four 
impulses. The remaining displacement after unloading can be seen in Fig. 15 
(right). The growth of the plastic strain is given in Fig. 16, where A is a point 
directly underneath the sleeper below the acting force. The points B and C 
are located on the common interface between the FE- and the BE-mesh: C 
vertically below A and B below the center of the sleeper. In all points, the 
influence of the four impulses can be observed. . 
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Fig. 15. Transient vertical displacement of the sleeper (left) and the remaining soil 
deformations after unloading (right) 



4 Conclusion 

Extending a linear two-dimensional FEM/BEM coupling scheme to a two- 
and three-dimensional formulation where nonlinearities can be taken into ac- 
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Fig. 16. Transient development of the plastic strain of three representative points 
A, B and C 



count, the number of possible investigations with respect to railway track 
systems could be increased considerably. 

From the numerical examples documented in this contribution, it became 
obvious that the new approach seems to work very well. In particular, re- 
stricting possible nonlinearities to the FE-subregions, it was shown that the 
discretization of rather realistic track systems can be done in a very flexible 
way. 

In the future, emphasis will be placed on the implementation of more sophis- 
ticated soil models, for instance, as suggested by Gudehus et al.[15]. 
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Abstract. An analysis procedure is developed in order to describe the system- 
dynamics of railroad track, substructure and soil. It allows to model the dynamic 
behavior of rails, elastic pads, sleepers, railroad earthworks and subsoil. By means 
of the developed program the dynamic features of various track-models under har- 
monic load as well as under moving load can be analyzed. A model is developed for 
a passing train which allows the simulation of the influence of the moving load by 
means of a frequency- and time-domain transformation. Rails, sleepers and elastic 
pads are modelled by finite elements while the system-components extending to 
infinity, such as rigid track, ballast and subsoil, for which the wave radiation is 
essential, are described with boundary elements. The developed model is validated 
by a comparison with other numerical models in the frame of a benchmark test. 



1 Introduction 

Today’s increasing ground vibration and stress levels on railroad track, sub- 
structure and subsoil due to the velocity of modern high speed trains call 
for the development of optimized track-systems. Features of the track which 
are subjected to dynamic or moving loads have to be analyzed regarding the 
dynamic behavior. Additionally, economically suitable systems with high en- 
durance and low maintenance costs need to be built. The simulation of the 
passing train with numerical models is a suitable means in order to display 
the dynamic behavior next to extensive measurements, as in computational 
simulations different track- geometries, material parameters and the layered 
soil can be varied easily. In this way the influence of the most diverse param- 
eters on the dynamic behavior of the track can be studied. It therefore allows 
the optimization of the railroad track and substructure without the necessity 
to build extensive test tracks. Suitable mathematical formulations for the 
various subsystems were chosen in order to display the dynamic features of 
the individual components in the model. Subsystems such as the infinitely 
extended soil and those parts of the track for which the wave radiation is es- 
sential, are modelled by boundary elements while parts of the superstructure 
such as rails, sleepers and elastic pads are modelled by finite elements. At the 
nodal points of the common surface the subsystems are coupled by means of 
the substructure technique. The large number of recent publications in this 
discipline emphasizes its importance. A numerical analysis of the wave prop- 
agation caused by loads moving with sub- and supercritical velocity using a 
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time-domain approach is presented in [15]. Other investigations focussing on 
railway dynamics and moving loads can be found in [14], [11] and [12]. In 
order to meet the requirements of high speed trains, an elastically supported 
track system with ladder sleepers is developed in Japan [18]. Discrete and con- 
tinuous models for the railway track dynamics subjected to high frequency 
vertical excitation can be found in [8]. Extended analytical and numerical 
examinations on the dynamic interaction of rails, pads, sleepers and subsoil 
are given in [10] and [19]. 

The objective of this project is the integration of the different numerical tools 
in one program which satisfies the aspects mentioned above. It facilitates to 
carry out the analysis under harmonic load as well as under moving load. 
Although the numerical method is also suitable for horizontal dynamics, the 
investigations done in this project are focussing on the more important ver- 
tical dynamics of track-subsoil interaction. The results are evaluated and 
compared in a benchmark test containing a comparison with measured data. 

2 Analysis Procedure 

In this chapter the basic aspects of the numerical analysis procedures which 
are implemented in the developed program are presented. 



2.1 Boundary Element Method (BEM) 

The boundary element method is based on the fundamental solution of the 
differential equation of motion for a homogeneous, isotropic, linear-elastic 
continuum [6]. The equation, also known as Lame-Navier equation, can be 
obtained by the following relations: The equilibrium leads to 

"b /i — QUi , (1) 

where aij , fi and ui are the components of stress, volume force and displace- 
ment, respectively and q Ui is the force due to inertia. The commas and dots 
indicate space and time derivatives. The material law for elastic material is 
given as 

Gij — XSkk^ij T 5 (2) 

where A and fi are the Lame constants and 6ij is the Kronecker delta. The 
kinematic compatibility is expressed as 

~ “b • (3) 

Introducing (2) and (3) into (1) leads to the wave equation: 

Q [{cl - cl) Ui^ik + cluk,ii - Uk] = -fk , 



( 4 ) 
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where Cp = y are the pressure and shear wave velocities, 

respectively. In order to obtain the wave equation in frequency domain the 
application of the Fourier Transform leads to 

- cl)Uijk + cluk,ii + = - fk ■ (5) 



In (5) Uk and fk can be interpreted as the complex displacement and force 
amplitudes, respectively of a harmonic motion with circular frequency uj. 
When body forces are assumed to be zero and homogeneous initial conditions 
apply, the boundary integral equation can be obtained with the help of Betty’s 
law as follows: 



CikU, 



= Kk udr - 



t*k Uidr 



(6) 



where F — Fi U i ~2 is the boundary of the domain and 

are the fundamental solutions for the traction and displacement 
components in direction i at point x due to a unit load in direction k at 
point For smooth boundaries the elements of the boundary matrix Cik are 
equal to 5ik if ^ G i? and 0.5 6ik i ^ F . On the boundaries F\ and F 2 the 
displacement boundary conditions Ui{x^uj) and the traction boundary condi- 
tion ti{x^(jj) are prescribed, respectively. Using a complex young’s modulus 
E = E{1 iujT]) with viscous damping coefficient ry, the frequency domain 
formulation allows to incorporate damping. The discretization of the bound- 
ary leads to the algebraic form of the integral equation. In matrix notation 
this can be written as: 



Ut^Tu, (7) 

where u and t are the complex frequency dependent displacements and trac- 
tions of all nodal points at the boundary and U and T are the influence 
matrices. The time dependent displacements and tractions can be obtained 
by Inverse Fourier Transform as done in Sect. 3.3. 



2.2 Finite Element Method (FEM) 

Using the Principle of Virtuel Displacements, the equation of motion of the 
finite element method in the frequency domain can be obtained as: 

-u‘^Mu + Ku^ P , (8) 

where 

M = [ gN'^NdO, 

Jq 

K = [ B^DBdf2 

Jq 



( 9 ) 
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are the mass and stiffness matrices, respectively, and 

P = [ N'^tdr+ [ N'^'fdQ (10) 

Jr J Q 

are the nodal forces. The Matrix B contains the relation between strain and 
displacements, D describes the connection between stress and strain and N 
contains the shape functions. Equation (8) can be written as 

P = K^^^u, ( 11 ) 



with 

^FEM . (12) 

In case of beam elements which are used in this paper, the mass and stiffness 
matrix are obtained by an analytical integration. 



2.3 Coupling of BEM and FEM 



A coupling of finite elements and boundary elements allows the examina- 
tion of structures consisting of domains with different dynamic behavior and 
additionally it enables to benefit from the characteristics of each particular 
formulation. In this project those parts of the structure whose dynamic be- 
havior essentially depends on the wave radiation like subsoil, ballast or rigid 
track are modelled with boundary elements while sleepers, rails and elastic 
pads are modelled with finite elements (see Fig.l). The sleepers and rails are 
discretized with Timoshenko beam elements containing shear deflection. The 
structure of the corresponding element mass and stiffness matrix which can 
be obtained from (9) is given in [17]. The elastic pads are discretized with 
linear viscous spring-damper elements. The degrees of freedom of each finite 
element node are: 






Uy 

Uz 



FEM 



_ _ i 



(13) 



The track and the soil are modelled with constant boundary elements with 
three degrees of freedom at each node: 



u 



BEM 



BEM 



(14) 
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sleeper 



elastic pad 



interactkjn 



Fig. 1. Model of the track-soil system 

The coupling conditions for the displacements at the contact points between 
the finite element region and the boundary element region are: 

«BEM ^ ^FEM ^ 

«BEM ^ ^FEM ^ 

wBEM ^ yFEM _ 

In order to obtain a stiffness matrix of the boundary element region, (7) has 
to be transformed to relate nodal displacements with nodal forces 

I^BEM^ = p (16) 

and 

P = At. (17) 

The dynamic stiffness matrix rails, the sleepers and the pads, 

and the dynamic stiffness matrix q£ boundary element part have 

to be assembled at the interaction nodes of the surface. To do this the rank of 
the boundary element matrix has to be expanded to the degrees of freedom 
of the finite element matrix inserting zeros at the corresponding rotational 
degrees of freedom. The equation of the coupled system can be written in 
expanded form as: 
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r t^fem 

J^ff 


0 ■ 




Up 




Pf' 


■wyFEM 

^CF 


t^F E M 1 E M t^B E M 

J\CC ^CB 




Uc 




Pc 


0 


j^B E M t^B E M 

^BC ^BB A 




_Ub _ 




Pb 



where the indices F and B indicate the finite element and the boundary 
element area and the index C indicates the coupled part of the structure as 
sketched in Fig. 1. General descriptions on the coupling of finite elements and 
boundary elements are presented in [1]. Similar coupling algorithms especially 
for the track-subsoil interaction can be found in [21], [3] and [12]. A numerical 
solution for structure-soil interaction problems based on Green’s functions is 
described in [2]. 

3 Numerical Results 

In order to obtain information about the dynamic behavior of the railroad 
track and the subsoil, ballasted tracks and rigid tracks on layered soil are 
analyzed. The examination is performed with tracks subjected to a fixed 
harmonic load as well as to a moving load to contain information about the 
infiuence of the train velocity. 




3.1 Model Size 

As the area of discretization plays an important role in the boundary element 
method when the domain extends to infinity and a full-space fundamental 
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solution is used, a first investigation is done on the influence of the length of 
the discretized model. In this example a harmonic unit load is directly applied 
on the concrete layer of a rigid track on the half-space and the magnitude of 
the vertical compliances at the middle of the plate are calculated. The results 
shown in Fig. 2 indicate that the length of the model of a rigid track has to be 
at least 11.0m in order to avoid large discretization errors. The amplitudes 
of the vertical compliances at the center of the concrete layer increase with 
a bigger length of the modelled plate. Convergence of the solution is seen by 
increasing the model length from 5 m to 11m. 

3.2 Influence of Different Track Geometry 

Regarding the results of Sect. 3.1 by using a model length of 11.0 m, the 
vertical displacements of different rigid track systems on the half-space sub- 
jected to a harmonic load of P = 0.5A^ at two rail support points as shown 
in Fig. 3 are investigated. The material properties, width b and hight h of 
concrete layer (CL), hydraulically consolidated layer (HCL), frost protection 
layer (FP) and the half-space are listed in Table 1. 




Fig. 3. Geometry of the rigid track systems 1 to 4 



Figure 4 shows the vertical displacements of the analyzed rigid track sys- 
tems in the middle of the concrete layer (point M). It can be seen that the 
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Table 1. Material properties and geometry of the models 





Cs [m/s] 


1 e [^g/m^] 


W-] 


h [m] 


h [m] 


System 1 












CL 


2236 


2500 


0.2 


2.7 


0.3 


Half-space 


200 


2000 


0.33 






System 2 












CL 


2407 


2445 


0.2 


2.7 


0.3 


HCL 


1903 


2300 


0.2 


2.7 


0.3 


FPL 


217 


1938 


0.32 




0.4 


Half-space 


233 


1837 


0.33 






System 3 












CL 


2407 


2445 


0.2 


2.7 


0.3 


HCL 


1903 


2300 


0.2 


4.0 


0.3 


FPL 


217 


1938 


0.32 




0.4 


Half-space 


233 


1837 


0.33 






System 4 












CL 


2236 


2500 


0.2 


2.7 


0.6 


FPL 


217 


1938 


0.32 




0.4 


Half-space 


233 


1837 


0.33 








displacements mostly depend on the material properties and thickness of 
the concrete layer. The amplitude characteristic shows that the main dif- 
ferences between the four systems become apparent in the frequency range 
between 0 Hz and 25 Hz. For frequencies higher than 25 Hz the displacements 
decrease monotonously with increasing frequency. A comparison of systems 
2 and 3 which differ in the width of concrete layer and hydraulically consol- 
idated layer, shows that the static displacements are almost identical while 
the bigger width of the hydraulically consolidated layer of system 3 leads to 
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a reduction of the displacements in the frequency range from 10 Hz up to 
100 Hz. An investigation of the vertical displacements of system 1 evaluated 
in the middle of the concrete layer (point M), at the rail support points S 
and at a point A, which has a distance of 1.9 m from point S in y-direction, 
is shown in Fig. 5. 

Owing to the high stiffness of the cross section of the concrete layer, only a 
small difference between the displacements in point M and point S can be 
observed. Similar results of an investigation of a rigid track are presented in 
[22] , where an approach based on the coupling of the thin layer method with 
a finite element method is used. Measured results can be found in [20]. 

In addition to the results obtained by a load directly applied on the concrete 
layer, a further investigation is carried out on the influence of the railpads 
when the load acts on the rail. The displacements of the rail for a rigid track 
and a ballasted track on the top of an elastic halfspace as well as on the top 
of a rigid halfspace are given in Fig. 6 and Fig. 7. The results are compared 
with the displacements evaluated directly at the surface of the track at the 
rail support points below the load. 




0 5<J 100 150 200 

Frequency [Hz] 

Fig. 6. Influence of the soil on 
the vertical displacements of a 
rigid track 




Fig. 7. Influence of the soil on 
the vertical displacements of a 
ballasted track 



Due to the relatively small stiffness of the pads {k = 2.2510^ A"/m) of a rigid 
track, the displacement at the rail is about 10 times higher than the displace- 
ment at the concrete layer of the rigid track (see Fig. 6). It can be seen, that 
only in the lower frequency range up to 40 Hz the displacements of the rail are 
determined by the properties of the subsoil. In the case of a ballasted track, 
as shown in Fig. 7, the displacements of the rail and the displacements of the 
ballast below the rail do not differ very much due to the fact that on the one 
side the ballasted layer is much softer than the rigid track and on the other 
side the stiffness of the railpad used for ballasted tracks {k = 6.010^ N/m) is 
higher than the elastic pad of a rigid track. In this case the numerical model 
for the ballast and the underlying subsoil is of great importance because the 
frequency dependency of the vertical displacements of a ballasted track show 
contrary behaviour in the case of a rigid or an elastic half-space (see Fig. 
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7). The calculation of the track-subsoil interaction considering the effect of 
vibration barriers is presented in [9]. A deeper investigation of the dynamic 
behavior of the railpads used for rigid tracks and ballasted tracks is carried 
out in [10] and [13]. An extended examination of the influence of the subsoil 
on the vertical displacements of the rigid track as well as of a ballasted track 
is presented in the frame of the benchmark test which is also published in 
this book. 

3.3 Moving Load 

Another goal of this project is the determination of the dynamic behavior of 
the track caused by loads moving with different velocities along the track. In a 
flrst investigation a pulse- type axle load, resulting from the distribution of the 
load from the contact point of the wheel over the rail, the elastic pads and the 
sleepers [27], [24] is directly applied to the surface of the concrete layer (see 
Fig. 8). In a second examination the load is moving along the rail supported 
by elastic pads and ties. Both investigations are based on the assumption 
that a point on the track subjected to a moving load experiences a temporal 
load of the same form as the spatially distributed load. The temporal load 
distribution P(t) used for both cases is shown in Fig. 8. Since the developed 




' 0.01 - 0,005 0 0.005 0.01 

Time [s] 




Frequency (Hz] 



Fig. 8. Temporal load distribu- Fig. 9. Corresponding frequency 

tion for a one-axle load, v=400 spectrum Pt{uj) 

km/h 



programm computes the responses in the frequency domain, the pulse load 
P{t) has to be transformed via Discrete Fourier transform into frequency 
domain. The calculated displacements in the frequency-domain have to be 
transformed with the Discrete Inverse Fast Fourier Transform back into the 
time domain [4]. For a functions / and its transform F, the formulas for the 
Discrete Fourier Transform and the inverse Fourier Transform are given as: 

rp N-1 

= n = 0,l,2,...,7V-l 

k=0 



( 19 ) 






Dynamic Behavior of Railway Track Systems 387 



and 



A^-l 



fk 



n = 0,l,2,..,iV-l 



n=0 



where N is the number of the chosen time steps At and 



( 20 ) 



T = NAt (21) 

is the period. The frequency content Pt{^) of the considered axle load is 
shown in Fig. 9. The displacements in the frequency domain ut{oj) are ob- 
tained from (18) with the load 
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Fig. 10. Fourier Transform of the square-wave impulse 
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The implementation of the above mentioned algorithm is tested by the cal- 
culation of the displacement of two adjacent rigid ties at which one tie is sub- 
jected to a time dependent square- wave impulse of magnitude 1.0 kN whose 
frequency spectrum is shown in Fig. 10. The chosen time step is At = 7.22~^s 
and N = 64 is the number of time steps. The results are compared with a cal- 
culation performed by the Technical University Hamburg Harburg (TUHH) 
with their time-domain program. The results of the calculated displacements 
shown in Fig. 11. indicate good agreement between the two methods. 

Other calculations in cooperation with the TUHH are presented in the paper 
of von Estorff at al. in this book. 

Considering a moving load the time dependent response u^{t) at a selected 
point A) on a track with length L is obtained by a superposition of the re- 
sponses due to a load acting at discrete points i along the path. The time lag 
of the responses corresponds to the velocity of the moving load (see Fig. 12). 
The formula for the superposition is 
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Fig. 11. Vertical time-dependent displacement of adjacent ties 



n 

u^{n At) = ^ u\{n — i l)At) . (22) 

i=l 

The distance Ae of two consecutive nodes depends on the velocity v of the 



Direction of the 

P(t) P(t+At) moving load P(t) P(t+nAt) 




Fig. 12. Numerical calculation due to a moving load 



load and the chosen time step At: 
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( 23 ) 
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The maximum frequency depends on the chosen time step given by 



1 



and the frequency step results from 



^/ = 



1 

N At ■ 



(24) 



(25) 



In order to avoid long computing time, not every frequency in the required 
frequency range is computed. A well tested algorithm for a non-linear inter- 
polation of substeps which is based on the response of a 2-degree of freedom 
system [25] is implemented in the program. A comparison of the completely 
calculated frequency spectrum of a rigid track system with 41 frequencies 
and Af = bHz and an interpolated frequency spectrum based on only 15 
calculated frequencies with Af = 15 Hz is shown in Fig. 13. The calcu- 
lated frequency step of the interpolation procedure is Af = 1.6 Hz. Apart 
from a small difference in the lower frequency spectrum, the interpolated dis- 
placements show very good agreement with the results calculated with all 41 
frequencies. Accordingly, the procedure is a suitable tool especially for a rigid 
track on the half-space whose dynamic behavior is approximately similar to 
a 2-degree of freedom system. 




Fig. 13. Comparison of calculated and interpolated frequency spectrum 



The algorithm presented in this chapter is applied to a rigid track resting on 
a half-space as shown in Fig. 14, where concrete layer, hydraulically consol- 
idated layer and frost protection layer are modelled in a simplified manner 
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as one layer with constant width. The material properties considered for the 
track and the varying soil are given in Table 2. The first calculation of the 
displacements of the concrete layer which is performed without rails, pads 
and ties is shown in Fig. 15, while the second calculation shown in Fig. 16 
obtains the displacements at the rail due to the load acting along the rail. 

In these calculations the pulse load results from a load velocity of 400 km/h 
(Fig. 8). The program allows the consideration of other pulse-type loads re- 
sulting from a superposition of the axle-loads of a moving train [26]. 



s s 




Table 2. Material properties and geometry of the model 





Cs [m/s] 


Cp [m/s] 


Q [hglm^] 


Rigid track 


1070 


1750 


2150 


Half-space 1 


100 


200 


1700 


Half-space 2 


250 


500 


1700 


Half-space 3 


500 


1000 


1700 



As shown in Section 3.2, the time history of the vertical displacements of the 
rail (Fig. 16), caused by a moving load are much bigger than the displace- 
ments of the concrete layer (Fig. 15). Due to the dominant influence of the 
elastic pads, the displacements caused by a moving load along the rail show 
no difference if half-space 2 or half-space 3 is considered, although half-space 
2 is two times softer than half-space 3 as given in Table 2. Considering a 
moving load directly along the plate the various soils effect big differences 
in the vertical displacements of the concrete layer as shown in Fig. 17. More 
details on this calculation are given in [16] and [23]. 

Earlier results on the investigation of the influence of moving loads on a rigid 
track as well as directly on a half-space are presented in [24], [27], [7] and [26]. 
A semi- analytical algorithm for an investigation of a rigid track subjected to 
a harmonic moving load is shown in [5]. 
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Time [s] 

Fig. 15. Vertical displacement of 
the concrete layer; load on con- 
crete layer 




0 0.05 0.1 0.15 0.2 

Time [s] 

Fig. 16. Vertical displacement of 
the rail; load on rail 




Fig. 17. Influence of different soils on the vertical displacements of the plate 



4 Summary and Conclusion 

The aim of this project is the development of an analysis procedure using 
the finite element method and the boundary element method to satisfy the 
various boundary and interface conditions of track, substructure and layered 
soil. The coupling of both methods proves to be an appropriate technique for 
the investigation of the dynamic behavior of the interaction between railway 
track systems and the subsoil. The analysis is performed with harmonic loads 
and moving loads. Moving loads are considered by a frequency-time-domain 
transformation of the system displacements due to load pulses resulting from 
the train passage. The presented results show the importance of a sufficient 
discretization of the track model. The investigation of different track systems 
shows that a simplified model of the subsoil is adequate for the calculation of 
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the dynamic behavior of a rigid track. Due to the stiffness of the superstruc- 
ture the load is distributed along the plate and only small stresses are induced 
into the underlying soil. The most significant part of the system displacement 
is induced by the railpad. Relatively soft railpads cause high displacement 
amplitudes of the rails whereas at the concrete layer only 10 % of the rail dis- 
placement occur. Considering moving loads on a rigid track, the results show 
that the maximum displacements of the rails are mostly independent of the 
stiffness of the subsoil, whereas the dynamic behavior of the concrete layer 
resulting from a load moving directly along this layer is determined by the 
properties of the underlying soil. An extensive comparison of the presented 
results with other numerical procedures within a benchmark test shows the 
usefullness of the presented developments with respect to generality, flexibil- 
ity and accuracy. 
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Abstract. In the paper a basic description of the settlement behaviour of a track 
due to the passing of trains is presented. Based on that fundamental consideration 
model scale tests were performed. As a result of these model scale tests a mathe- 
matical framework to predict the mean settlements and the differential settlements 
are presented. The transfer of the results of the model scale tests to a prototype 
is presented. In a numeric study the suitability of elasto-plastic material laws to 
simulate the settlement behaviour of a foundation under cyclic load is investigated. 
Furthermore a study is made to find out, if it is possible to simulate the moving of 
non-uniform settlements under a moving load in a numeric simulation. 



1 Introduction and Motivation 

The settlement behaviour of a track is in the geotechnical view characterised 
by an intensive soil-railway-carriage-interaction. The mechanical loading can 
be divided in a short-term dynamic loading and in a cyclic static loading. 
Between the short-term dynamic loading and the long-term behaviour of 
the track stability is a close feed-back. Non-uniform settlements leads to 
irregularities of the track, which has negative effects among other things on 
the following components: 

• carriage 

• travelling comfort 

• safety 

• travelling time 

• maintenance 

• susceptibility to trouble 

• availability. 

Within the project ’’Model scale investigations to the long-term behaviour 
of the track under railway traffic” the long-term behaviour of a track on a 
granular subsoil should be investigated. The aim of this project was, to find 
a mathematical description to predict the long-term settlement behaviour. 
Therefore a testing device was planned and several model scale tests were 
performed. 
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2 Problem 

Irregularities of the track occurs at the passage from earthwork-lines to struc- 
tures due to different stiffnesses of the underground and on the free line sec- 
tion as result of irregularities in the underground, which means that there is 
a difference in the first settlement and of course of modifications of the mate- 
rial of the granular soil, i.e. abrasion. To investigate the settlement behaviour 
of a track on a granular subsoil, a difference is made between uniform settle- 
ments and non-uniform settlements. With non-uniform settlements there is 
an appearance of waves. If waves appear it is of interest, wether the waves 
move in the driving direction of the running train. The aim is, to registrate 
the settlements in a geotechnical model scale test and to transfer the results 
on a prototype. 

3 Solving Method 

For the preformance of the model scale tests, the following assumptions were 
taken: 

• A continous moved load has an influence on the initiation of ’’waves”. 
Therefore a circular testing container is choosen in which the load is all 
the time running on the track and where it is not moved on or removed 
from the track for each passage. 

• The minimal circumference of the testing container must be fixed in a 
way, that a settlement mould can be developed under the load. Therefore 
pre-tests were performed to obtain the maximal length of a settlement 
mould under different elastic slabs (Katzenbach et ah, 1998). 

• Investigations were made for a short train, i.e. the influence of the distri- 
bution of the load is neglected. Therefore the distributed load is reduced 
to a single load. 

• Long intervals between the trains, i.e. successive trains do not lead to a 
superposition of the loads. Fixation of the velocity in a way, that effects 
of inertia can be excluded, so the quasi-static effects of the railway traffic 
are represented. 

Fig. 1 shows the simplified model. 

For the simplified model the settlements can be described by the following 
equation 



s = fi{x,N,P,b,EI/b,^,Ko,g) ( 1 ) 

with s settlement, x position, N number of loading, P load of the train, b width 
of the track, El/b bending resistance over the width of the track, 7 unit weight 
of the soil at the beginning of the experiment, Kq virgin configuration of the 
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ctriying direction 
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Fig. 1. Sketch of the simplified model 



soil expressed by the coefficient of earth pressure at rest, Q granulometry of 
the soil. 

The model laws used in the investigations are based on Dietrich (1977, 1979, 
1981, 1982). For the stress-strain-relation of the soil the following power func- 
tion is used: 




with s strain, a stress, z depth, fi material parameter. 
The elastic slab is described by its curvature: 



«(*,<) 



with K, curvature, m bending moment related to the width 
With the deformation modulus of the soil Du 

Du = \ = 

and the deformation modulus of the elastic slab Dq 



1 



f El 






-1 



( 2 ) 



( 3 ) 



( 4 ) 

( 5 ) 
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the rigidity of the system is defined as follows 

Du _ El 
Do 7^-6 



( 6 ) 



The rigidity of the elastic slab and the unit weigth of the soil at the beginning 
of the test is replaced an elastic length Ie which is defined as follows: 



The load of the train is replaced by the system length I p which is defined as 
follows: 



Ip := 




M-i 
2(m + 1) 



Ie 



( 8 ) 



With the elastic length (7) and the system length (8) the rigidity of the 
system (6) becomes 



s = f{ip,^,Do,n\ withn= (E^n,^,Ko,g 



( 9 ) 



So the settlement is proportional to the system length, the rigidity of the 
system, the deformation modulus of the elastic slab and the function P as 
shown in Eq.lO. 



s ^ Ip ' • Do • n (10) 

Do 

With aid of the dimension analysis the dimensionless description of the set- 
tlements of an elastic slab becomes: 



s 

Ie 




5m-1 
2(/x + l) 






( 11 ) 



To classificate a model system, Dietrich introduces a dimensionless parameter 
called ” width ratio” , which is defined as the width of the elastic slab divided 
by the system length as shown in Eq. 12. 




( 12 ) 



With the width ratio a model system can be classificated in a system with 
only uniform settlements (’’rigid track”) and in a system with non-uniform 
settlements (” elastic track” ) . Between the two extremes there is a transitional 
stage. The area limits of the width ratio are shown in Fig. 4. 
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Fig. 2. Area limits of the width ratio 




4 Model Scale Tests 

The model scale tests were performed in a circular testing stage. A scetch of 
the testing stage is shown in Fig. 2. 

The testing container for the determination of the long-term behaviour of 
the track due to plastic deformations of the subsoil was planned as a circular 
testing container with an outer diameter of 2.0 m and an inner diameter 
of 1.18 m. The average circumference measures 5 m. The testing container 
consists of two radial bricks of concrete. The surface was treated to obtain a 
smooth surface. The deformation is measured by a dial gauge in combination 
with a gauge to measure the angle. Fig. 3 shows a photo of the circular testing 
device and a detail of the loading system. 

For the model scale tests a dry sand with a coefficient of uniformity of U=3 
was used. The grain size distribution of the testing sand is given in Fig. 5. 
The filling and preparation of the testing container is described in Heineke 
( 2001 ). 
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testing container motor cantilever arm dial gauge linear guidance amplifier 




testing sand track model loading roller cantilever arm 

Fig. 4. Photo of the testing device and detail of the loading system 




Fig. 5. Grain size distribution of the testing sand 



The following figure shows the parameter of the tests presented in this paper. 
The velocity of the loading roller was chosen to 10 rounds per hour. The result 
is, that there are no effects of inertia, but that one test with 50000 loadings 
takes about 7 months. 

The model scale tests showed, that on an initial homogeneous soil non- 
uniform settlements can occur with the passing of a moving load. With each 
passage of the load the settlements increase. Fig. 7 shows exemplary the 
development of the settlements over the position of the load in the testing 
container for the model scale test HV3. The curve parameter represents the 
number of loading. 
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Fig. 6. Overview of the testing parameter 
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Fig. 7. Development of the settlements for the model scale test HV3 



In the model scale tests the moving of settlement-moulds in the direction of 
the moving load has also be recognised. Some more information can be found 
in Heineke & Katzenbach (2001). 

Figure 8 shows a comparison between the settlements of the different tests 
mentioned in Fig. 6. To compare the tests the settlements are related to the 
system length to have a dimensionless parameter. The curves are plotted 
for about 50000 number of loadings. It can be seen, that the settlements 
becomes greater and more non-uniform with an increasing width ratio, that 
means with softer systems. With the investigations the area of the rigid track. 
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that means that there are uniform settlements, has been recognised within 
some tolerances. 



settlement 
related to Ip 
[-1 




Fig. 8. Related curve of the settlements for different model scale tests 



The related mean settlements of the track in dependence of the number of 
loading is shown in Fig. 9. Here as well it can be seen, that the mean settle- 
ments becomes greater with an increasing width ratio but that the increment 
of the settlements becomes smaller with increasing number of loadings and 
it seems that they reach a limiting value. 



mean settlement 
related to Ip 
[-1 




Fig. 9. Related mean settlement of the tack in dependence of the number of loading 



The development of the mean settlements can be described for each model 
scale test by the following new logarithmic function. 
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- .M(iV = 1) \ 

ip ip 



(13) 



with sm (N) mean settlement of the track at the number of loading N, a 
constant of the test, to be determined out of the model scale test 
The plotted lines in the graph of Fig. 9 are representing this function. A 
good description of the measured settlements can be determined with Eq. 
(13). If the first settlement and the constant a is known, it is possible to 
predict the development of the settlements for different systems. Therefore a 
relation between these parameters and the width ratio was found. Figure 10 
shows the relation between the first settlement related to the system length 
and the width ratio. It can be seen, that there is a nearly linear dependence 
between the two parameters, which can be described by the linear function 
of Eq. (14). The relation between the constant a and the width ratio, shown 
in Fig. 10 can be described by the non-linear function of Eq. (15). 





wdlti ratio % [■] widlti ratio ^ [■] 



Fig. 10. Development of the mean first settlement (left) and the constant a (right) 
in relation to the witdh ratio 



= 0.004789 • Pp - 0.00011 (14) 

Ip 

o = 0.00016 (15) 

With the knowledge of these two parameters, that are in relation with the 
width ratio, it is possible to predict the mean settlement for different track 
systems on a granular soil. 

In addition to the knowledge of the mean settlement it is of importance to 
know the differential settlements, to be able to make a prediction of the 
non-uniform settlements. Therefore a nearly linear relation between the dif- 
ferential settlement at about 50000 loadings and the width ratio was found. 
The relation between the two parameters is shown in the graph of Fig. 11 and 
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the mathematical description in Eq. (16). The number of loading of 50000 
is sufficient, because the waviness or in a more mathematical description the 
standard deviation from the mean settlements becomes constant (Heineke et 
ah, 2001). 




width ratio p> [’] 



Fig. 11. Development of the differential settlement in relation to the width ratio 



— = 0.026 -/?p- 0.00111 

Ip 



(16) 



5 Transfer of the Results on a Prototype 

An example to transfer the obtained results of the model scale tests on a pro- 
totype is given for a slab track ” system Ziiblin” . The slab track is simplified 
in the following components (see also Fig. 12): 

• rail UIC 60 

• concrete base (BTS) 

• stabilised soil base (HGT) 

• soil 

• load from an ICE. 

As an assumption a transferable power between the rails, the concrete base 
and the stabilised soil base is given. With this assumption a bending resis- 
tance of EI=990 MN/m^ is obtained. The elastic length Eq. (7) is calculated 
to 11.66 m and the system length Eq. (8) to 8.22 m. With this input the 
width ratio Eq. (12) is obtained to 0.383. The width ratio is now the input 
parameter to calculate the settlement after the first loading, the constant a 
and the differential settlement as follows: 



sm(N — 1 ) 

Ip 



= 0.004789 • pp - 0.00111 = 0.04615 



(17) 



a = 0.00016e^^-i2-^^ = 0.01130 



(18) 
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Fig. 12. Simplified slab track of the ’’system Ziiblin” 

As 

— = 0.026 • pp - 0.00111 = 0.008848 (19) 

Ip 

With Eq. (17) and Eq. (18) in Eq. (12) the settlements of the prototype are 
obtained to: 



s = 



1-Ie 



5/j. — 1 
2(m + 1) 



Ie • 



= 1 ) 

Ip 



+ aln 



N -I 
1000 



+1 = 2.3cm (20) 



The differential settlement is obtained with Eq. (19) and Eq. (12) to: 



5m-1 

As = ( — -:p I 'Ip ' -r— = 0.44cm (21) 

For the slab track ’’system Ziiblin” the mean settlements are calculated to 2.3 
cm and the differential settlement to 0.44 cm. So the differential settlement 
is about 20 % of the mean settlement. 



6 Numeric Simulation 

In the numeric simulation a study was made with a foundation under cyclic 
loading to investigate the suitability of elasto-plastic material laws. The re- 
sults of this investigation is documented in Heineke (2001). 

Furthermore the pre-test was simulated on the basis of the material law 
of von Mises with kinematic hardening in a finite element model. Figure 13 
shows the measured settlements in the pre-test. In the graphic the settlements 
are plotted over the distance from the loading point. The curve parameter 
represents the number of loading. 

Figure 14 shows the numeric model of the pre-testing stage to simulate the 
measured settlement-moulds of the pre-test. 

The soil was simulated with continuum elements (4-nodes) and the elastic 
slab by beam elements (2-nodes). The cyclic loading was simulated in the 
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Fig. 13. Measured settlement-mould under the cyclic loading in the pre-test 

1.25 m 



1.0 m I 




center line of the system in the middle of the elastic slab. The geometric 
dimension is given in Fig. 14. 

Figure 15 shows the calculated settlement-moulds of the numeric simulation. 
It can be seen, that there is a relativ good conformity between the measured 
and the calculated settlement-moulds for a small number of loading (Fig. 15), 
but for high number of loadings the conformity is not good at all. 

In a second model a study was made, wether it is possible to simulate the mov- 
ing of the settlement-mould under a moving load in one direction. Therefore 
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Fig. 15. Numeric model to calculate the moving of waves 



the soil and the elastic slab was simulated by continuum elements (8-nodes) . 
The load was simulated as a moving load in one direction. Figure 16 shows 
the numerical model to calculate the moving of waves. 



1.5 m 




Fig. 16. Numeric model to calculate the moving of waves 



Figure 17, 18 and 19 shows the settlement moulds of three different systems. 
The rigidity of system 2 is about two times bigger than system 1 and system 
3 is three times bigger than system 1. The interpretation of the simulations 
show, that the settlement-mould becomes longer with a rigid elastic slab 
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and that the maximal settlement becomes smaller of course of the extended 
stress under the slab on a bigger area, what is documented by a longer elastic 
length. Furthermore the settlement mould is moving in the direction of the 
load. The moving of the settlement-mould is as well inclined by the rigidity 
of the system. 



settlement 

[cm] 




Fig. 17. Development of the settlement-mould for system 1 



settlement 

[cm] 




Fig. 18. Development of the settlement-mould for system 2 



The numeric investigation showed, that it is possible to simulate the moving 
of waves in a qualitativ way for some passings of the load but that the use of 
the conventional elasto-plastic laws is not really good to simulate a system 
under cyclic load. 
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Fig. 19. Development of the settlement-mould for system 3 



7 Possible Application of the Research Results to the 
Praxis 

Up to now the dimensioning of slab tracks is based on a proof of the permit- 
ted tensile strength in bending, which is a inner dimensioning of the system. 
The settlements respective the differential settlements were not considered. 
A possible application of the research results to the praxis is, that the set- 
tlements or differential settlements were considered (long-term behaviour) 
in a proof of the serviceability of the system. In combination with the clas- 
sic dimensioning an inner and outer dimensioning of the system should be 
established. 

8 Summary 

Summing up for the experimental investigations it can be noticed: 

• the mean settlements grow with increasing number of loading 

• the strain increment becomes smaller with increasing number of loading 

• discovery of a new empiric relation to obtain the mean settlements 

• the differential settlement grows with increasing number of loading and 
approximates to a limiting value 

• the differential settlement is described by a new empiric relation 

• functional relations under consideration of the width ratio has been found 

• the results of the model scale tests can be transmitted with the similarity 
mechanics on prototypes. 

Summing up for the numerical investigations it can be noticed: 
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• with classic elasto-plastic laws a monoton cyclic load can only be simu- 
lated for a small number of loading 

• for a great number of loading the plastic increment becomes zero 

• with kinematic elasto-plastic laws a constant plastic incremant is ob- 
tained 

• the movement of waves can be simulated numerically, but this takes a lot 
of time with the actual capacity of personal computers. 

9 Outlook 

In the future the following investigations and research activities can be made: 

• adaption of the obtained results to a mechanic model 

• verification to transfer the obtained results on a cohesive soil 

• development of a new elasto-plastic laws to simulate cyclic loads and of 
a qualified interaction model 

• execution of numeric simulations and calibration with the performed 
model scale tests 
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Abstract. It is reported on the knowledge advance, regarding the long-term defor- 
mation behaviour of soils under cyclic-dynamic loading. A constitutive approach for 
water-saturated soft soils and its numerical implementation is presented. Further- 
more the modification and enhancement of the constitutive approach onto granular 
materials and ballast by means of a cyclic-viscoplastic approach is described. In 
addition, it is reported on the implementing of the new cyclic-viscoplcistic consti- 
tutive approach into the FE code ABAQUS. Hence, in dependence of the essential 
loading condition and material parameters, the description of the plastic long-term 
behaviour under cyclic-dynamic loading is made possible. Some verification and 
calculation results are presented which demonstrate the modelling capabilities of 
the implemented cyclic-viscoplastic approach. 



1 Introduction 

This report describes the final and preceding stages of the ’’System Dynam- 
ics and Long-term Behaviour of Vehicle, Track and Subgrade (DFG Priority 
Program)” project. During the first and second phase (05/96 - 04/00) a sub- 
stantial advance has been gained regarding the long-term behaviour of fully 
saturated soft soils under cyclic loading. A quasi-static constitutive approach 
for such material has been derived and implemented into a numerical pro- 
gram. Within the third phase of the priority program, the modification, i.e. 
the extension of the research advances gained so far, onto granular materials 
and ballast is carried out. Beyond the long-term deformation behaviour, the 
altering (short-term) dynamic material properties are investigated. A com- 
bined cyclic triaxial resonant column test device (CTRC) that has been devel- 
oped beforehand phase three, is used extensively. Next to the investigation of 
real scale ballast materials in cyclic triaxial tests, the CTRC makes possible 
the identification of altering short-term parameters vs. loading time/load- 
cycles, such as shear modulus and damping coefficient. Hence, constitutive 
derivatives for the mentioned short-term material parameters that should be 
used for dynamic modelling of the structure are acquired. Thereupon a newly 
derived cyclic- viscoplastic constitutive approach for granular soils and ballast 
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materials is derived and implemented into a quasi-static numerical model for 
the simulation of the long-term behaviour of such materials. 



2 Saturated Cohesive Soils 

2.1 General 

This section focus on the plastic strain of normally to lightly overconsoli- 
dated cohesive soils under cyclic loading. Excess pore water pressure rises 
in the first stage and consists of reversible and ’’permanent” components 
{u = u^). The ’’permanent” part results from the undrained plastic 

shear deformation, and remains when load is removed but dissipation not 
allowed. In the course of cyclic loading, ’’permanent” excess pore water pres- 
sure reaches a peak value at some time tp and begins to dissipate if possible 
(the second stage), which leads to plastic volume strain. The peak of ex- 
cess pore water pressure and tp are dependent on e.g. cyclic loading, static 
preloading, permeability, drainage path and boundary conditions. Compared 
to the ’’permanent” part, the reversible part of excess pore water pressure 
as well as deformation is normally much smaller. Furthermore, this part of 
excess pore water pressure can not dissipate due to its oscillating character. 
In the following, a quasi-static model and its numerical implementation is de- 
scribed for investigating the development of excess pore water pressure and 
plastic strain of normally consolidated or lightly overconsolidated cohesive 
soils under cyclic loading, see [1]. It is verified by using test results from lit- 
erature. Some own results of cyclic triaxial tests on a medium plasticity clay 
are presented. 



2.2 Quasi-Static Model 

Conceptual Description ’’Permanent” excess pore pressure is a decisive 
parameter for plastic deformation of normally consolidated cohesive soils un- 
der cyclic loading, see [1]. Both types of plastic deformation, undrained plas- 
tic shear deformation in the first stage and drained plastic volume strain in 
the second stage are dependent on this parameter. Upon this, a quasi-static 
model is proposed for describing the plastic deformation of saturated cohesive 
soils (normally to lightly overconsolidated) under cyclic loading, see Fig. 1. 
The individual cyclic loop can, however, not simulated by using this model. 

As illustrated in Fig. 1, the maximum of cyclic stress (Jc is applied as a loading 
parameter. The Youngs modulus E is introduced to simulate the maximum 
reversible strain under cyclic loading. In principle, this part of strain changes 
over the course of each load cycle. However, it is normally much smaller than 
the permanent strain. Therefore E is assumed to be cycle number indepen- 
dent. 
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The sliding element in Fig. 1 represents shear and tension limits of satu- 
rated cohesive soils under cyclic loading. Test results from literature show 
that the dynamic frequency has influence on the shear strength. Under cyclic 
loading, the static shear strength of cohesive soils can be exceeded. However, 
this occurs mostly in the beginning of cyclic loading. The investigation of [2] 
using effective stress strength parameters indicated, that for normal consol- 
idated clays, shear strength under undrained condition is not significantly 
affected by cyclic frequency and loading duration. Therefore it is assumed 
that static strength parameters can be applied for the cyclic loading case. 

In the beginning of cyclic loading, most soil elements remain undrained and 
excess pore pressure rises depending on cycle number. The reversible part 
results from elastic deformation of soils and can be approximately assessed 
by using = Ac{cFx^c + + ^^,c) (with cyclic stress components). 

Parameter Ac is determined from cyclic undrained test. In comparison with 
the ’’permanent” excess pore water pressure is caused by plastic shear 
deformation of the soil skeleton and is time-dependent. Using excess pore 
water pressure and total stresses (= static -h quasi-static), failure strength 
upon the effective stress principle can be determined and plastic deformation 
occurs if the strength limit is exceeded. 

Under cyclic loading, a particular aspect is the occurring plastic deformation 
of soils in the case that cyclic loading is inside the failure envelope. Here, 
plastic deformation consists of two parts. results from the undrained and 
from the drained part, see Fig. 1. As mentioned above, both of them 
are dependent on the ’’permanent” excess pore water pressure. The ’’perma- 
nent” excess pore pressure generated under undrained condition is treated as 
a pressure source ijj = du^g/dt and added to the consolidation equation. 




The consolidation equation provides increasing excess pore pressure in the be- 
ginning of cyclic loading {Au^ > 0), which is used for evaluating undrained 
plastic shear deformation through an empiric relationship. With the com- 
pressive volume coefficient m^, the subsequent dissipation {Au^ < 0) leads 
to drained plastic volume strain, 

= rriy • Au^ ( 2 ) 



Excess pore water pressure under undrained cyclic loading condi- 
tion From literature, e.g. [3] proposes that excess pore water pressure Ug 
under cyclic undrained condition can be evaluated by using. 



<^ 3,0 



C^3,0 



^ .(l+logAT) 



( 3 ) 
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Fig. 1. Quasi-Static Model describing the Plastic Deformation of Saturated Cohe- 
sive Soils under Cyclic Loading 



where p, ao and 9 are regression parameters from undrained cyclic tests. Test 
results of [4] with different frequencies (f = 0.02/0.05/0.2/0.5 Hz) indicate 
that by using the cycle number as a describing parameter in the analysis, 
higher excess pore water pressure is expected under low frequency condition. 
The difference probably arises from different loading time, as ’’permanent” 
excess pore water pressure is mainly caused by plastic shear deformation of 
the soil skeleton and therefore closely depends on the total loading time. In 
the case that test results are analysed using total loading time instead of 
cycle number, the influence of frequency could be seen as secondary. Upon 
this, the empiric relationship is rewritten as: 




c^3,o 



\^ 3 , 0 / 



(4) 



Undrained Plastic Shear Deformation In strain theory, it is assumed 
that under undrained condition, shear sliding as well as partly collapse of soil 
skeleton lead to redistribution of loads between pore water and soil skeleton. 
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see [5]. The load originally carried by contact points of soil grains is partly 
transferred to pore water. As this shear deformation is predominately plastic, 
resulting excess pore water pressure is mostly ’’permanent”. Hence a close 
relationship between undrained plastic shear strain and ’’permanent” excess 
pore water pressure can be assumed. For normally consolidated cohesive soils, 
there is an hyperbolic relationship between the ratio of excess pore pressure to 
consolidation pressure and the first principal strain, see [2]. It is independent 
of cyclic loading form and frequency and with the experimental parameters 
a and b written as. 



- = — 5 

Po « + 

Though the relationship given in Eq. 5 includes the reversible part of excess 
pore water pressure and strain, it could be concluded from strain theory that 
there is a similar relationship between irreversible parts of excess pore water 
pressure and strain. Therefore the following relationship is assumed. 



Po 



£ 



b 

l,u 



a-hb ‘ £ 



b 

l,u 



( 6 ) 



Drained Plastic Volume Strain The parameter rriy in Eq. 1 and Eq. 2 
represents the volume compressive coefficient under cyclic loading condition 
and should not be the same as that under static loading condition. It is 
a common way, however, to get this parameter by using undrained cyclic 
triaxial tests with subsequent dissipation. In this way, an empiric relationship 
between ’’permanent” excess pore water pressure after undrained cyclic 
loading and plastic volume strain from dissipation can be established. The 
tests on Drammen clay (OCR=l) by [6] showed that plastic volume strain 
resulting from cyclic loading could be assessed by 
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(7) 



Cr is the compressive parameter of conventional static oedometer tests in 
reloading stage. Upon this, the parameter rriy can be calculated using 



rriv = d£lldu^ = 1, 5 < 



Cr 1 1 

1 + eo In 10 Pq - 



( 8 ) 



Using the relationships described above, the proposed quasi-static model in 
Fig. 1 has been numerically implemented (Program-System GeoCycl). 



2.3 Verification of Numerical Model 

For verification of the numerical model, the cyclic triaxial tests of [3] on Ariake 
clay (see Fig. 2) were reanalysed by using GeoCycl. Upon [3], samples were 
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fully consolidated under a vertical pressure of 59 kN/m^. After installation 
of the soil samples in triaxial cells, they were statically loaded by a confining 
pressure of 100, 200 and 300 kN/m^ respectively, and consolidated for 24 
hours. Then, the samples were cyclicly loaded by a harmonic vertical load. 
In the course of cyclic loading, drainage was allowed laterally. Excess pore 
water pressure was measured in the center of the samples bottom. Based 
on the data published by [3], the parameters necessary for the numerical 
modeling are determined and illustrated in Fig. 2. The calculated results are 
compared with the test results of [3]. From this, it can be concluded that the 
developed numerical model predicts the development of excess pore pressure 
in the course of cyclic loading properly. 
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Fig. 2. Excess Pore Water Pressure: GeoCycl vs. Test Results of [3] 



2.4 Cyclic Triaxial Tests on a Saturated Cohesive Soil 

For the experimental investigation of plastic strain of cohesive soils under 
cyclic loading, cyclic triaxial tests on a clay of medium plasticity were carried 
out at Kassel University, see [1]. Soil samples of 10cm in diameter and 10cm 
in height were prepared by using Proctor compaction. They have a dry unit 
weight of 17.2 kN/m^ and a corresponding saturation grade of 95%. The soil 
mechanical indexes are given in Fig. 3. After installation of the prepared soil 
sample into the triaxial cell and the cellfilling with demineralised water, the 
saturation procedure (5 days) with a back pressure of 300 kPa was applied. 
Then, the soil samples were consolidated. After the completion of consoli- 
dation, the soil samples were vertically loaded by cyclic dynamic stress. In 
the course of cyclic loading, drainage was allowed on the circular surface of 
the samples. The loading conditions and procedure are illustrated in Fig. 3. 
The analysis of the test results showed that plastic strain reached a stable 
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soil mechanical parameters 
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Gs = 2.75 
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Fig. 3. Loading Conditions and Procedure of the Cyclic Triaxial Tests on Clay of 
Medium Plasticity 



state after about 105 cycles in each load step. In Fig. 4, plastic strain ratio 
is illustrated depending on the cycle number (a) and on the loading duration 
(b) for the case of ( 73,0 = 50kN/m^ , ctc = 60kN/m^ and / = 0.25Hz / 2.5Hz. 
A deviation between the plastic strains at different frequencies is evident 
by using cycle number TV, while both curves become almost the same, when 
loading duration t is used as a describing variable. This indicates that loading 
duration t may be controlling parameter for determining the plastic strain 
under cyclic condition. In Fig. 5a, the plastic axial strain in stabile state is 




nn-4 KF-4 IF*5 ^ 100 :00 MB 4flO HB MO 700 (TOO 



Cycle NumberW M LoaditHi DuMion/ [tnin] 

Fig. 4. Plastic Axial Strain as a Function of (a) Cycle Number N and (b) Loading 
Duration t for the Case < 73,0 = 50 kN/m^ , ctc = 60 kN/m^ and / = 0.25Hz / 2.5Hz 



expressed as a function of ctc/(J 3 ,o for the cases < 73,0 = 25/50/75 kN/m^ and 
/ = 1 Hz. Test results at different static and dynamic stresses nearly provide 
the same curve, approximated by. 
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with a and 13: as the regression curve coefRcients. For the case of = 50 
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Fig. 5. (a) Plastic Axial Strain in Stabile State as a Function of <Jc/a 3 ,o 
and (b) Comparison of Numerical and Experimental Results for the Case 
0 * 3,0 = bOkN/m^ f = IHz 



kN/m^ and / = 1 Hz, numerical calculations by using GeoCycl were carried 
out. Results are shown in Fig. 5b. In the first two steps, good agreement is 
achieved. Large deviation occurs with the third step, which indicates a stiffer 
experimental behavior of the soil sample against the theoretical predictions. 
This may be put down to the strengthening effect resulting from the multi- 
stage technique, see Fig. 3. However, this effect is not included in the quasi- 
static model. 



3 Granular Soils and Ballast 

3.1 Experimental Investigation and Derivation of a 
Cyclic-Viscoplastic Constitutive Approach 

General Based on the results and knowledge gained from the European 
BRITE/EURAM HI research project EUROBALT II, further research within 
the framework of the DFG-priority program has been carried out regarding 
the plastic and elastic behavior of granular soils and ballast under cyclic- 
dynamic loading. Aiming at the constitutive description of the elastic and 
plastic long-term behaviour, the setup of functional correlations, in depen- 
dence of the essential parameters of influence is intended. 

Es,ayn = ^ = ( 10 ) 

^ce 



^cp — / (<^ 3 ) (^dyni fs ; C) ) 



(11) 
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Whereas is the dynamic secant modulus, Scp the cyclic-plastic strain, 

adyn the applied dynamic stress, as the confining stress, Jb the loading fre- 
quency, N the load-cycle number, e the void ratio and the static fric- 
tion angle. Departing from these investigations, a constitutive approach for 
granular soils and ballast is derived, which basically is an advance from the 
quasi-static modell of [1]. 



Testrig and Investigated Material From Fig. 6 a schematic cross section 
of the newly developed combined C'yclic Triaxial i?esonant Column test 
device (CTRC) can be seen. The CTRC test rig was developed within the 
framework of the EUROBALT II research project. The major advantage of 
the CTRC is the ability of investigating simultaneously both, the plastic 
long-term behavior with increasing load-cycle numbers, as well as the change 
of the elastic behavior with the ongoing loading history. Another advantage 
of the CTRC is to be seen in the dimensions of the installed sample, with 
500mm in diameter and a height of 1000mm. With such dimensioned sample 
the investigation of real scale railway ballast 22.4/63 is made possible. An 
in depth description of the CTRC test rig is to be found in [7]. From Fig. 7 
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Fig. 6. Cross Section of the Combined Cyclic Triaxial i^esonant Column Test 
device (CTRC) 



the grain-distribution curves of investigated soils and ballast materials in the 
CTRC can be seen. 
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Fig. 7. Grain-Distribution of Investigated Soils and Ballast Materials 



Plastic Long-Term Behaviour Results The cyclic loading of the cylin- 
drical sample has been realised with a harmonious sine function with N = 
lE+05 to lE+06 load cycles. The data aquisition takes place in time win- 
dows with a high sample frequency at distinct time intervalls. With such 
procedure, the elastic and plastic strains can be identified and distinguished. 
Hence it is possible to determine, next to the plastic strains, the changing 
elastic behavior vs. load-cycle number. An in depth description of the data 
acquisition and evaluation of CTRC test results is to be found in [8]. In 
the following, the general elastic and plastic material behaviour under cyclic- 
dynamic loading is outlined. From Fig. 8a the plastic strain Ccp can be seen 
in a half-logarithmic representation. There is a nonlinear behaviour to be ob- 
served, with a dependency onto the cyclic dynamic loading. The standardised 
cyclic deviatoric stress ratio X is given with. 



(CTI - <73)0 
(<Ti - 



(12) 



Whereas — 0 - 3 ) ^ is the cyclic-dynamic deviatoric stress and (ai — 0 - 3 ) gj 

the static deviatoric failure stress in triaxial condition. From Fig. 8b the 
elastic behaviour of the investigated granular soil, in terms of the dynamic 
secant modulus, can be seen. Fig. 8b depicts the increase of the dynamic 
secant modulus with progressing cycle-numbers in a double-logarithmic rep- 
resentation. Partly the increase amounts up to 100% after lE-l-06 load-cycles. 
The increase of stiffness comes along with the decrease in elastic strain and 
results from the contractant behaviour of the granular soils as well as the 
bracing of the grain structure. 
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Fig. 8. Plastic and Elastic Behaviour under Cyclic-Dynamic Loading 



From Fig. 9a the evolution of volumetric strain vs. cycle number can be 
seen. Up to a certain cycle number, Ncrit^ independent of compaction during 
installation, all test samples respond to the cyclic excitation with dilatant 
behaviour. Afterwards the sample experiences compression (contractancy) , 
see Fig. 9a. The transition from dilatant to contractant behaviour for the 
investigated samples, lies inbetween cycle numbers Ncrit = 1 to Ncrit = 100. 
From the semi-logarithmic representation of AU/U, the mean value could be 
determined as Ncrit = 10. The evolution of volumetric strain and void ratio 
have to be seen in close conjunction, with a qualitatively similar behaviour. 

From Fig. 9b the evolution of void ratio e vs. cycle number N can be seen. 
In this representation, a maximum of the void ratio e can be identified at 
Ncrit = 10. Up to Ncrit ^ the void ratio e increases. Having reached Ncrit ^ the 
pore number decreases continuously, which is a contractant behaviour. The 
maximum attainable void ratio under cyclic-dynamic loading is called, simi- 
lar to static traixial tests, a ’’pseudo critical void ratio eps.cHt^ • It describes 
the maximum volumetric expansion in the cyclic-dynamic triaxial test. 



Derivation of a new Cyclic-Viscoplastic Constitutive Approach The 

plastic and elastic stress-strain cycle-number behaviour can be described by 
means of the modified viscoplastic model in Fig. 10. The total cyclic-dynamic 
strain Sc^tot is composed by the single plastic and elastic portions, 

^c,tot — ^cp U ^ce (1^) 

The extended viscoplastic model represents a modification of the classic 
elastic- viscoplastic model and the quasi-static theory of [1]. Hence it is called 
a cyclic- vis coplastic constitutive approach (C VP-model). The cyclic- visco- 
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Fig. 10. Simplfied Viscoplastic and Cyclic-Viscoplastic Rheological Model 



plastic model theory is composed of two constitutive approaches, the cyclic- 
viscoplastic and the cyclic-viscoelastic constitutive approach. The separate 
model elements are explained in depth in [8]. 

In the following the derivation of the cyclic- viscoplastic constitutive approach 
is given. By means of a power functional, the plastic strain is written as, 

^cp,N — ^cp,N=l ’ ^ ( 14 ) 

Whereas Scp,N=i is the plastic strain for the first load cycle and acp the linear 
increase for progressing cycle numbers in a double-logarithmic representation. 
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As a result of the accomplished cyclic-dynamic triaxial tests, it has been 
possible to set the equation-parameters of Eq. 14 against those of Eq. 10 and 
Eq. 11 and derive corresponding equation systems. 

On the basis of this analysis, Scp,N=i can be written as, 

^cp,N=l — 0/ ‘ l^p * C ^ (1^) 

whereas is a functional of the loading frequency, e the void ratio and K,p 
as well as Xp another functions, mapping the influence of the conflning stress 
<J 3 , the dynamic stress (Jdyn ^nd the shear strength ip' . The void ratio e of 
granular materials has been identified as the most essential material param- 
eter for the description of the cyclic-plastic strain Scp,N=i at first load cycle. 

In a similar way, a functional for the description of the increase acp is given, 

occp — f^p • exp^~^p ( 16 ) 

The increase acp is dependent on the state of stress, the stress amplitude 
as well as the loading frequency. The influence of the loading frequency can 
be seen from Eq. 16. With increasing loading frequency /b, there is a de- 
crease in the cyclic-plastic strain increments. The curve increase acp is less 
steep with higher loading frequency. The porosity of the granular material on 
the other hand has no influence on the increase acp of the cyclic-plastic strain. 

For a detailed description of the derivative of the cyclic- viscoplastic constitu- 
tive apprach with all it’s plastic and elastic portions, see [8]. In the following 
focus is set rather on the numerical implementation into the commercial FE- 
code ABAQUS, as well as a presentation of first numerical modelling results. 



3.2 Numerical Implementation 

General Currently, the numerical modelling of geotechnical materials under 
cyclic-dynamic loading can be differentiated as follows: 

• dynamic modelling of the linear elastic response of the investigated struc- 
ture due to the induced excitation, short-term dynamics^\ and 

• modelling of the accumulating remaining strains over the long-term, ” long- 
term (deformation) behaviour’’^ 

Modelling activities carried out in this work are focused on the long-term 
/ settlement behaviour, the continuous explicit time/load-cycle dependent 
degradation of foundations and track systems, caused by deformations from 
all corresponding layers below. 
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Theoretical Approach To exemplify, from Fig. 11 the evolution of strain 
vs. time/load-cycles can be seen. Generally the solution techniques are dif- 
ferentiated into implicit and explicit formulations. In this context, the terms 
implicit and explicit do not have to be mistaken with the well known con- 
cept of strain rate integration in the theory of classic plasticity. The implicit 




Fig. 11. Solution techniques, implicit vs. explicit formulation 



technique describes the whole structure with the dynamic phenomena (in the 
short-term) and the long-term deformation behaviour in one global model. 
Thus the dynamic behaviour in an incrementally changed structure has to 
be simulated continuously /implicitly over the course of each single cycle, see 
Fig. 11, until a relevant remaining deformation has occurred. However such 
deterioration or deformation normally result from higher load-cycle numbers 
only. Also the constitutive material behaviour itself must be treated in a non- 
linear manner. Obviously the dynamic modelling of the hysteretic material 
behaviour is quite complicated from a theoretical point of view and for the 
required high number of load-cycles also inconvenient from a practical point 
of view. On the one hand adequate theoretical models are missing or are just 
too complicated for practical applications. On the other hand today’s com- 
puting capacities do not seem to be sufficient for such extensive problems. 
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Within this work a macroscopic explicit formulation technique has been cho- 
sen, where single amplitudes of some quantity at discrete times, or the course 
of a single cycle in real time do not play the determining role. Certainly, focus 
is set on the repeated loading with it’s resulting accumulation of permanent 
strain/deformation for a finite number of cycles. Such approach is of practi- 
cal meaning for engineers, in spite of the theoretically required exact course 
of each cycle, see Fig. 11. Continuous modelling of granular soil otherwise 
becomes very difficult if not at all impossible. Therefore the loading scheme 
is applied in a static manner and due to the reflection of the cyclic dynamic 
influences onto the material deformation behaviour within the constitutive 
routine, the modelling is described as quasi-static. Such procedure simpli- 
fies the constitutive description, as forces of inertia and the whole problems 
connected with the dynamic wave propagation in media don’t have to be 
taken into consideration. In general assumptions and simplifications have to 
be done to eliminate the impossibility of giving respect to all occurring effects 
in reality. Hence, the effects of pore water pressure and liquefaction processes 
are not included in the approach. 



Cyclic-Viscoplastic Strain Increments To be enabled to implement the 
constitutive approach described in Sec. 3.1, criteria for the stabilisation versus 
the progressive failure of soil under cyclic loading have to be defined. For the 
numerical model an analogous stress-strain relationship, observed in cyclic 
triaxial tests, is taken into consideration. Depending on the consolidation 
pressure, there are two deformation modes observed, see Fig. 12: 

• Cyclic Calming and 

• Cyclic Failure. 

For the distinction / separation of the two states of material behaviour, a ’’re- 
duced”, i.e. modified cyclic Mohr Coulomb failure criterion Fc is applied. For 





Fig. 12. Typical deformation modes observed in cyclic triaxial tests 



cyclic states of stress satisfying the failure criterion F^, the resulting cyclic 
permanent strains Ccp of the soil specimen will converge vs. a stable value. 
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In this state of cyclic stress the soil specimens behaviour can be described 
as quasi-elastic. Consequently this deformation mode is called ’’Cyclic Calm- 
ing”. For cyclic states of stress violating the criterion, the soil specimen in 
the triaxial test will show signs of progressive failure. Such behaviour, in the 
model realised analogous to the theory of viscoplasticity, hereafter is called 
’’Cyclic Failure”. A local overshoot of the failure criterion, signified by Fc>0 
at cycle number A, will cause, next to the cyclic-plastic strain, additional 
viscoplastic straining, as long and at a rate that is related to the amount by 
which the yield has been violated. Such a quasi-static model for granular ma- 
terials and ballast under cyclic loading has been derived, and by means of a 
cyclic- viscoplastic constitutive approach implemented into the FEM program 
ABAQUS. In Fig. 13 the constitutive approach, as it has been implemented 
into ABAQUS, has been depicted in the principal stress space. According to 




Cyclic Failure 
^F>0 



pseudo 
time- 
integration 



Fig. 13. Rheological model for granular materials and ballast under cyclic loading 
for the principal stress space 



the constitutive approach, the incremental evolution equations for the cyclic- 
plastic strains are formulated for the principal stress space. Hence, principal 
strain increments, the equivalent to those occurring in a cyclic triaxial test, 
have to be rotated into the local axis system at integration point level. 
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Main assumptions for the implementation of the constitutive approach are: 

• the cyclic loading can be idealised in a quasi-static manner with a static 
stress level 

• there are effective stresses only / no liquefaction phenomena (no pore 
water pressures) 

• the ” Cyclic Failure” can be described by means of a classical viscoplastic 
formulation / initial strain method 

• the incremental evolution of the ’’Cyclic Calming” can be described by 
means of a variation of double logarithmic functions derived in cyclic 
triaxial tests 



3.3 Modelling Examples 

Verification Example Exemplary, a numerical simulation of cyclic triax- 
ial tests on ballast material is documented in the following. From Fig. 14 
a comparison of the cyclic-plastic strains, measured in the CTRC test rig, 
and those calculated with ABAQUS can be seen. From the results plot, the 




Load Cycle NunnberA/[-] 



Fig. 14. Measured cyclic-plastic strains in the CTRC test rig vs. numerical mod- 
elling results with ABAQUS 



comparison of the axial cyclic-plastic strain for a primary state of stress (73 = 
40kN/m^ can be seen. There is a good correlation (coefficient of correlation r 
= 0.985) between the modelling results with ABAQUS and those obtained in 
the CTRC test in laboratory. Generally the numerical modelling of principal 
cyclic-plastic strains of the Cyclic Calming have proven a good congruency 
to the CTRC test results, representing the axial and radial strains. 
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Bridge End Transition Zone The following modelling example is based 
on a real in situ bridge end transition zone. The bridge end construction is 
designed with a cement reinforced soil wedge placed behind the bridge, see 
Fig. 15. The backfill and frost protection layer material consist of gravely ma- 
terial with a very high compaction. From suitable soil samples taken on site, 
cyclic-viscoplastic material parameters have been determined in laboratory 
by means of geotechnical standard tests as well as sequences of cyclic triaxial 
testing. Furthermore, by means of comparative numerical modelling of large 
scale dynamic load plate tests, carried out on site, the cyclic viscoplastic ma- 
terial parameters have been verified for modelling of the transition zone. At 



pos, 0 



pos. 1 pos. 2 pos. 3 



pos. 4 




GW 0/45 

Dpr 101-102% 

Ev2 200-276 MN/m^ 

EvZmvl 2 0 : 



21.5 



load case (b) 



embankment / filling 

GW 0/45 
Dpr 100-102 % 



125 7.5 105 



Fig. 15. Bridge end transition zone, geometry, materials and load cases 



the time of modelling, the in situ track had been completed up to the top 
of the frost protection layer. As no information had been given, a slab track 
superstructure type Rheda had been chosen for the modelling, see Fig. 16. 
Furthermore from the cross section it can be seen, that the discretised geom- 
etry in the FE model has been modified. The symmetry axis has been moved 
to the left to guarantee the 3D load distribution and at the same time keep 
the model to a straightforward size. Due to the quasi-static nature of the 
numerical modelling, there are 2 load cases to be differentiated, see Fig. 15. 
Load case (a) is determined by a UIC 71 equivalent load scheme, with the 
exception of the load level Pmax derived from the actual ICE train axle loads 
and geometry. To take the dynamic load amplification into consideration, the 
value of P is charged with a dynamic factor of k = 1.3. Within the varia- 
tion of load case (a) , the load scheme itself is moved alongside the track axis 
(pos. 0 to 4), hence allowing the investigation of evolving settlement dells. 
Considering that a stationary quasi-static load scheme can not be the true 
image for a moving train load, the infinite load case (b) with Pmax is taken 
into consideration. Load case (b) is seen as the worst case scenario and as 
an upper bound for the settlements alongside the track. From Fig. 17 the 
numerical modelling results for the different load cases and load scheme po- 
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3,0 0,25 ' 1,75 



Fig. 16. Cross section bridge end transition zone, slab track superstructure type 
Rheda 



sitions can be seen for a load-cycle number of N = 4.9EH-07. Such number is 
an equivalent for a mean track loading in 60 years. In accordance with the 
given expectation, the infinite load case (b) represents an upper bound for 
the cyclic-plastic settlements. Although the absolute values of the settlement 
dells, load case (a), come close to the settlement along the track, load case 
(b), further investigations can be limited to the latter one. In any case there 
will no such dells be observed in situ. 



Slab Track Settlement 




Fig. 17. Modelling results, bridge end transition zone, settlements for load cases 
(a) and (b) after load-cycle number N = 4.9E-1-07. 
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4 Outlook and Future Objectives 

The executed investigations on water saturated soft soils under cyclic load- 
ing have to be further validated experimentally. In particular the evolution of 
pore water pressure under cyclic loading is to be verified and the theoretical 
approaches to be improved. 

The presented cyclic- viscoplastic constitutive approach for granular and bal- 
last materials has proven to be an appropriate enhancement for the quasi- 
static modelling of such materials under cyclic-dynamic loading. The objec- 
tive for future research work is seen in further improvements of the consti- 
tutive approach, especially the enhancement to further gradings of granular 
materials. Another objective is the modelling itself, i.e. parametric studies of 
complex in situ situations, allowing prediction of deterioration behaviour as 
well as general improvements of construction guidelines. Finally the deriva- 
tion of a corresponding quasi-static approach for joint behaviour in numerical 
interface modelling has to be undertaken. 
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Abstract. Three-dimensional numerical models to analyze dynamic soil-structure 
interaction (SSI) of rail tracks on layered soil have been developed. For track struc- 
tures on the surface we implemented a frequency domain as well as a time domain 
approach. To incorporate soil irregularities we also implemented a frequency do- 
main approach for embedded structures. A common feature of all models is the 
application of the substructure method. The track or any other structure is ana- 
lyzed be means of finite elements, whereas the unbounded soil is analyzed by means 
of boundary elements with layered halfspace fundamental solutions. To provide the 
user with all the capabilities of a powerful commercial finite element software pack- 
age the SSI-models have been implemented in ANSYS. Therefore nonlinear prop- 
erties of the track and of the soil up to some extent can be taken into account using 
standard ANSYS features. 



1 Introduction 

The aim of the project was the development of three-dimensional numerical 
models to analyze soil-structure interaction of rail tracks on layered soil under 
dynamic load. The following configurations were considered: 

• structure on surface analyzed in frequency domain, 

• structure on surface analyzed in time domain, 

• embedded structure analyzed in frequency domain. 

A common feature of all models is the application of the substructure method. 
The track or any other structure is analyzed be means of finite elements, 
whereas the soil is analyzed by means of boundary elements to fully satisfy 
the radiation condition towards infinity. 

The models have been implemented in ANSYS to provide the user with all 
the capabilities of a powerful commercial finite element software package. 
Therefore nonlinear properties of the track and of the soil up to some extent 
can be taken into account using standard ANSYS features, whereas FOR- 
TRAN code for the analysis of the soil has been developed and linked to 
ANSYS using its UPF - User Programmable Features - interface. 

In the following sections we will first describe the substructure method at 
a glance, followed by a more detailed description of the above mentioned 
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configurations. For each configuration we describe the analysis of the track, 
the specific application of the substructure method to analyze the soil, and 
the coupling, followed by some applications. 

2 Substructure Method 

By using the substructure method we devide a complex structure into sev- 
eral parts. We keep one part as a kind of “main structure” and cut off the 
substructures (Fig. 1). All substructures can be analyzed independently with 
respect to the degrees of freedom (DOF) at the common interface with the 
main structure. By satisfying equilibrium and compatibility conditions at all 
interfaces the whole structure is reassembled and a solution for the complete 
system can be obtained. 




Advantages of the substructure method: 

• for different physical properties specific techniques can be applied for the 
analysis to retain the advantages of one method and to eliminate the 
disadvantages of the respective others, 

• reduction of memory requirements since small systems are analyzed. 

Disadvantage of the substructure method: 

• to obtain the displacements and stresses at arbitrary points of a substruc- 
ture, a post-solution step must be performed with the displacements and 
stresses at the interface of the substructure as input. 

In particular the first advantage listed above was used in this work. Fi- 
nite elements were applied for the track and partly also for the surrounding 
soil, which may exhibit nonlinear properties, while boundary elements with 
halfspace-fundamental solutions were used for the unbounded soil. 
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3 Structures on the Surface 

In this section we give a more detailed description of the substructure method 
applied to structures on the surface of the layered soil in frequency domain 
as well as in time domain. 



3.1 Analysis in Frequency Domain 

The time dependence of all variables is assumed to be harmonic of type 

A(t) = A ■ . (1) 

Here A denotes a complex amplitude of any kind, t is the time, cj is the circu- 
lar frequency and i is the imaginary unit. For simplicity the exponential term 
as well as the hat (^) is omitted in the following. Different time dependencies 
will be denoted explicitly. 



Structure 



For modelling a finite structure - in this case the track - the finite element 
method is used here since it is well established for a wide range of problems 
in engineering. 

The discrete equation of motion by means of finite elements is given as 
M • u{t) + C • u{t) -h K • u(t) = P{t) - Q{t) . (2) 



The vector u is the displacement vector, ii the first and u the second deriva- 
tive with respect to time. The matrices AT, C, and K are the mass matrix, 
damping matrix, and stiffness matrix of the structure, respectively. The vec- 
tor P denotes the external forces and Q denotes the resultant nodal forces 
of the contact stresses at the interface of track and soil. Assuming harmonic 
time dependency as in (1) we obtain 

{—J^M -h iooC -h K) • u = P — Q (3a) 

or 

S u = P-Q (3b) 

with S the complex dynamic stiffness matrix of the structure. 

The DOFs of (3b) are sorted by DOFs at the interface (subscript I) and the 
remaining DOFs outside the interface (subscript R) and we obtain 



^RR 5ri1 ( Uk \ _ ( Pr \ _ ( 0 \ 

5ir 5ii J / \Pi j \Qi j 



(4) 



For simplicity we use the symbols Q and Qi interchangeable, because by def- 
inition the contact stresses only exist at the interface. The dynamic stiffness 
matrix S in (3b) and (4) is subject to standard finite element procedures and 
is therefore computed with ANSYS. The remaining task is the computation 
of Q, which is described in the following section. 
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Subsoil 

Application of boundary elements [10] requires fundamental solutions which 
satisfy the differential equation of the investigated system, but not necessarily 
the given boundary conditions. 

Usually fundamental solutions for a homogeneous fullspace are used. Since 
they don’t satisfy the layered halfspace boundary conditions, they require 
- strictly speaking - placement of an infinite number of boundary elements 
on the surface and even at all layer boundaries. Therefore one must carefully 
choose a distance from the interface where to truncate the discretization such 
that the influence of the violated boundary conditions of the fundamental 
solutions becomes negligible. 

To avoid these obstacles we use fundamental solutions which satisfy exactly 
the traction free boundary condition at the surface of a halfspace and also 
consider horizontal layering. Thus, it’s sufficient to discretize the soil solely 
at the soil-structure interface. 

For homogeneous soil we use Lamb’s solution [20], while for a layered halfs- 
pace we use the Thin Layer Method (TLM) [18,19], a powerful semianalytical 
solution, which includes material damping and all effects due to the layering 
like reflection and refraction at layer boundaries, dispersion, and geometric 
damping. 

Standard boundary element schemes yield to an integral equation [10] 

Cij (4) u>j (^) + J q*j {x, 0 Wj (a;) dr = J w*j {x, ^ qj (a:) dF , (5) 

r r 

where wj and qj denote the unknown displacements and stresses of the soil, 
w*j and q*j denote the fundamental solutions in terms of displacements and 
stresses in the j direction due to a unit point load acting at ^ in the i direction, 
X is an arbitrary point on the boundary T, and Cij is the discontinuity jump 
term and depends on the smoothness of the boundary at point 
Since our fundamental solutions satisfy the traction free boundary conditions 
at the halfspace surface, the integral on the left hand side of (5) vanishes 
completely at all non-singular points. Furthermore, it can be proven that 
in our case the left hand side is equal to SijWj{^) = Thus, after 

discretization with boundary elements and applying (5) to each nodal point 
^ - the so-called interaction points - we obtain the linear equation system 

w = F ’ q (6) 

with F the flexibility matrix, w the displacements and q the contact stresses 
at the interaction points. 

It’s worth mentioning that in (6) 

• all quantities are frequency dependent 

• the matrix F is generally non-quadratic and non-symmetric 
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Fig. 2. Discretization of the interface assuming constant contact stresses 



For the coupling with the finite element structure the flexibility matrix must 
be invertible, thus it must be quadratic. This can be accomplished by choosing 
identical shape functions for displacements and stresses. However, for the 
coupling the shape functions for displacements and stresses of finite elements 
should match the respective ones of boundary elements, but in commercial 
finite element software often elements with same order shape functions for 
displacements and stresses are not available. Hence, a compromise must be 
accepted. 

Since ANSYS doesn’t provide elements with independent shape functions for 
displacements and stresses we used finite elements with linear displacements 
and constant stresses. By choosing boundary elements with constant stresses 
and displacements, we satisfy the equilibrium, but we can enforce compatibil- 
ity only at the midpoints (Fig. 2), which in our case become the interaction 
points. 



Coupling of Structure and Subsoil 

Inversion of (6) gives the contact stresses ^ as a function of the displacements 
w 



q = F~^ w . (7) 

To satisfy equilibrium at the interface the corresponding quantities of the 
structure and the subsoil must have equal physical dimensions. Hence the 
contact stresses are transformed into nodal forces by a simple linear trans- 
formation 



Q^Tq q 



(8) 



with Tq a transformation matrix. 
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As mentioned above the compatibility of displacements is satisfied only at 
the interaction points. This relationship is given as 

w = Tu'U (9) 

with Tu the corresponding transformation matrix. Plugging (7) and (9) into 
(8) we obtain 



Q = T,-F-^ -Tu-u (10) 

-V- - 

with S s the complex stiffness matrix of the soil with respect to the interface 
nodes of the structure. 

We finally plug (10) into the equation of motion (3b) and we obtain 

+ icoC + K + Ss) -u = P . (11) 

Finally, this linear equation system is solved using the ANSYS solvers. 

Implementation in ANSYS 

Since finite elements are well established in practice, very powerful FE pack- 
ages are commercially available. They provide the full range of mechanical 
features like nonlinear material properties, large strains, and multi-physics, 
as well as the full range of numerical algorithms for nonlinearities, dynamic 
analysis in frequency and time domain, sparse solvers and iterative solvers, 
and also substructuring. Additionally they provide a software interface for 
user-supplied routines in nearly any stage of the solution process. 

For this work we implemented the boundary element routines for the soil 
in ANSYS. Essentially we used the so-called User Programmable Features 
(UPF) and the substructuring features. The finite element model of the track 
is built using the ANSYS preprocessor. The soil is attached to the interface 
nodes by using the ANSYS element type MATRIX50, in terms of ANSYS 
a “superlement” . The dynamic stiffness matrix of the superelement is read 
from an external file. Using UPF subroutines this file is overwritten with the 
respective matrix of the soil for each frequency step. 



Application: Ballast Track and Slab Track System 

For demonstration we show the results of a ballast track and a slab track 
system subjected to harmonic loads from 0-200 Hz. The geometry and FE- 
discretization can be seen in Fig. 3, whereas the unbounded halfspace is not 
shown, but included as described in the sections above. Both systems consist 
of two rails UIC60, rail pads, ties B70, and respectively a concrete slab over 
hydraulically stabilized base or a ballast layer. Attention should be paid to 
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the different stiffness of the rail pad, which is much lower for the slab track 
than for the ballast track. The rails are modelled with Timoshenko-beam 
elements, the pad with spring-damper-elements, and all other parts with 3D- 
solids. Damping mode is hysteretic except for the pad, which has viscous 
damping, and for the rail which has no damping at all. The loading are two 
harmonic vertical loads on the rail above tie zero. 

All properties are taken from the benchmark test we contributed to, presented 
within this DFG priority programme [23]. Another presentation can be found 
in [14]. Hence, here we give only a brief overview of the mechanical properties 
in Tables 1 and 2. 




Fig. 3. Geometry and discretization of track systems, unbounded soil not shown, 
(a) Ballast track, (b) Slab track, (c) Tie numbering 



Table 1. Material properties of the track components 





Thickness 


Shear wave 
velocity 


Mass 

density 


Young’s 

Modulus 


Poisson’s 

ratio 




(m) 


(m/s) 


(kg/m^) 


(N/m^) 




Ballast 


0.35 


300 


1700 


3.8 X 10® 


0.25 


Concrete Slab 


0.30 


2132 


2500 


3.0 X 10^° 


0.25 


Stabilized Base 


0.30 


1437 


2200 


1.2 X 10^° 


0.16 


Subsoil 


(X) 


200 


1700 


1.7 X 10® 


0.16 



Figure 4 shows the vertical flexibilities of both track systems with respect to 
the load position on the rail. 

As can be seen the flexibilities are completely different, even the static rail- 
deflections above the loaded tie of the slab track are approximately three 
times larger than the respective deflections of the ballast track. The reason 
for this can be found in the properties of the pad. The ballast track pad is by 
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Table 2. Material properties of the rail pads 





Stiffness 


Damping 




(N/m) 


(Ns/m) 


Ballast track 


6.00 X 10« 


2.0 X 10^ 


Slab track 


2.25 X 10^ 


2.0 X 10^ 




Fig. 4. Vertical flexibilities of the rail at tie 0-3. (a) Ballast track, (b) Slab track 



more than one order stiffer than the slab track pad, therefore the deflections 
of the slab track highly correlate with the deflections of the pad, while the 
stiffness of the other parts have a relatively low influence. In contrast, the 
deflections of the ballast track are a result of the interaction of all components. 
In Fig. 5 we show the influence of different soil stratifications under a ballast 
track. The static response correlates with the stiffness of the halfspace. For 
low frequencies from 5 Hz to 50 Hz the response correlates more or less with 
the stiffness of the upper layer. For a soft layer over stiff halfspace even 
resonance frequencies emerge. For higher frequencies the response of the rail 
is getting more and more independent of the soil, but is rather determined 
by the properties of other track components. 

For practical purposes not only the deflections of the track are important, 
but also the stresses in the track as well as the stresses in the soil. Figure 6 
shows qualitatively the vertical normal stresses under a slab track subjected 
to a harmonic load of frequency 100 Hz. Due to the stiffness of the concrete 
slab and the stabilized base the contact stresses are uniformly distributed at 
the interface of base and soil, while for a ballast track the stresses are more 
concentrated under the two loads (not shown here). 



Special Case: Distributed Surface Loads 

Investigating ballast track systems, some authors need for the flexibility of 
the subsoil simplified solutions based on the response due to harmonic surface 
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Fig. 5. Ballast track: vertical flexibilities of the rail at tie 0 for different soil strat- 
ifications 




Disctance y in m 



Fig. 6. Slab track: stresses azz in the soil due to a harmonic load of 100 Hz 



loads. The deflections and stresses of the soil due to that kind of load can 
be derived from the point load fundamental solutions described on p. 434 by 
means of numerical integration. This has been performed for vertical as well 
as for horizontal loads. The results were shared with the research groups of 
Professor Knothe (Berlin) and Professor Popp (Hannover), both participating 
in the DFG priority program, and used as input for their respective track 
models. A detailed discussion can be found in [26,27]. 

3.2 Analysis in Time Domain 

The frequency domain analysis relies on the linearity of the structure and 
the soil, since to obtain the time history of deflections and stresses an Inverse 
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Fourier Transform (IFT) must be performed. But, the components of a track 
system, in particular soil, ballast, and pads, but also concrete slabs, exhibit 
nonlinear properties. Therefore the assumption of linear material properties 
is just an approximation which is valid only with limitations. To incorporate 
nonlinearities a time domain approach is necessary. 

As in frequency domain analysis we use the substructure method in order to 
analyze track and subsoil separately. 



Structure 

The structure is again discretized by means of finite elements. Since we as- 
sume an arbitrary time dependence, we have to discretize spatially as well as 
in time. The equation of motion (2) is then given as 

M^u^ + C-ii^ + K^u^ = P^ -Q^ . (12) 

The vector denotes the resultant nodal forces of the contact stresses at 
the interface of track and soil and is a function of the displacements while 
i is the time step index. 



Subsoil 

Comparing to frequency domain analysis the effort to get a fundamental 
solution in time domain is increasing, since the relationship of discretized 
stresses and displacements is now the convolution 

t 

w(t) — J F(t — t) • q{r) dr (13) 

0 

with w the displacements of the interface nodes, F the soil flexibility given 
as the impulse response matrix of the layered halfspace, and q the stresses 
at the interface. 

Unfortunately, a pure time domain solution for the flexibility matrix is only 
available for linear elastic homogeneous soil [7]. On the other hand, it is 
always possible to obtain a time domain solution from the frequency domain 
solution by means of Inverse Fourier Transform (IFT). Starting from (6) 

w{lo) = F{ou) • q{u;) 

we obtain 



w 



oo 

(t) = j F{u>) ■ q{u>) ^ 



Ault 



duj . 



— oo 



(14) 
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To obtain the impulse response matrix we subject the flexibility matrix in 
frequency domain to an IFT and we get 

oo 

F(t) = T / F{uj) e*"* dto . (15) 

2tt J 

— oo 

The numerical evaluation of (15) causes some trouble due to the high fre- 
quency contents of the flexibility matrix. Therefore, we use instead 

oo 

F{t) = ^ I F(u:) giu) cLo (16) 

— OO 



with g{uj) a Gaussian distribution as suggested in [28] 

g{uj) = exp . (17) 

Here a is the shape parameter. Equation (17) is the fourier transform of 

Using this so-called modifled impulse response to evaluate the convolution 
(13) it leads to an approximation of the time-continuous stresses by a se- 
quence of bell shaped impulses as illustrated in Fig. 7. 





Fig. 7. Approximation of continuous contact stresses by a sequence of bell shape 
impulses 



Now we discretize the convolution (13) in time and finally we get the rela- 
tionship between stresses and displacements at the interface as 
^i+i = At + 

^i+l ^ ^hist jrcur . ^ 

Here and are the displacement vector and contact stress vector, 

respectively, at time step z -h 1, is the current soil flexibility matrix, 
and is the displacement vector due to contact stress history. We chose 
constant time steps to evaluate (19) efficiently, because in that case 
doesn’t change during calculation. 
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Coupling of Structure and Subsoil 

Inversion of (19) yields 

qi+i ^ [jrcur]-i . i^i+i _ ^histj _ (20) 

We satisfy compatibility 

= Tu • ( 21 ) 

and transform the stresses to nodal forces 

= Tq • (22) 

with Tu and Tq the same transformation matrices already introduced in (8) 
and (9). Plugging (20) and (21) into (22) we obtain 

Q*+l = Tq ■ • Tu - Tq ■ 

' V " ' V ' 

Qhist 

. (23) 

We plug (23) into the discrete equation of motion of the structure (12) to 
obtain 

M • + C • + [K + Kf^] • . (24) 

To solve (24) we use Newmark’s ^0-method [4] with parameters for constant 
accelerations per time step. This scheme is implemented in ANSYS. 



Partial Uplift 

The formulation in time domain allows the treatment of nonlinear prob- 
lems. As a first application we consider partial uplift at the interface in soil- 
structure interaction, which may occur in the case of ties on ballast. 

The derivation above implies that each components of the track system is 
“welded” with its neighboring components. Therefore we also implemented 
an iteration scheme that takes into account a potential partial uplift. Details 
can be found in [14] and [25]. 



Application: Rail Pads with Nonlinear Material Properties 

Rail pads generally don’t have linear material properties, but are highly non- 
linear. In this example we show the effect of the nonlinearities for a slab 
track system with the same dimensions as shown in Fig. 3, except that here 
only 13 ties were considered. The homogeneous soil has a shear modulus of 
G = 90MN/m^, a shear wave velocity of Cg = 230 m/s, and a Poisson’s ratio 
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of u — 0.33 . The slab track is subjected to an axle load of 18 1 moving with 
^Wheei = 100 m/s. A rough estimation of the combined nonlinear stiffness of 
pad and rail mount is shown in Fig. 8. 

The numbering of the ties is taken from Fig. 3. As one can see in Fig. 8 the 
deflections of the rail decreases considerably in case of nonlinear pad and 
mount. 




Dt’fltftioii in turn 




Fig. 8. Nonlinear properties of pad and mount, (a) Nonlinear combined spring 
characteristic, (b) Vertical deflections of rail above tie 2 for linear and nonlinear 
properties 



Example: Simulation of a Passing Wheel Set 



The following examples demonstrate the application of the time domain ap- 
proach for moving loads. We used a simplified track model with two rails 
UIC 60 fixed on 50 ties B70 (Fig. 9). The ties are directly attached to homo- 
geneous soil without any base or ballast in-between. The wheel set is modelled 
as two constant loads P moving with constant speed r’wheei* The soil has a 
shear modulus of G = 20 MN/m^, a shear wave velocity of Cg = 100 m/s, a 
Rayleigh wave velocity of cr = 335 km/h, and a Poisson’s ratio oi iy = 0.33 . 

Figure 10 shows the displacements of the 35th tie as a function of wheel 
speed. The results are scaled with the static deflections. As can be seen, the 
largest deformations occur when the wheel is moving with the Rayleigh wave 
velocity. 

Figure 11 shows a zoomed in snapshot of the displacements of track and 
surrounding soil for a wheel set moving faster than Rayleigh wave velocity 
Cr. Clearly a Mach cone, well known from supersonic planes, and an uplift 
wave in front of the load has emerged. 
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Fig. 9. Configuration of moving wheel set 










Fig. 10. Maximum vertical defiections 
of the 35th tie due to a moving wheel 
set 



4 Embedded Structures - Analysis in Frequency 
Domain 

The assumption of undisturbed and homogeneous soil below a track is usually 
not lifelike. Quite often the upper soil layer is replaced by bearable materials, 
sometimes fluids are injected, or even sand or gravel piles are built to increase 
the stiffness of the soil base. To take these inhomogeneities into account it is 
convenient to expand the finite element model of the track by an appropriate 
amount of the subgrade, which is equivalent to regarding track and surround- 
ing soil as an embedded structure. As for structures on the surface we use 
the substructure method, but we have to take the excavation into account. 

Structure 

The structure with the surrounding soil is modelled by means of finite ele- 
ments. There is no difference whatsoever concerning the governing equations, 
hence (4) is valid for embedded structures, too. 
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Fig. 11. Zoomed in napshot of displacements of track and soil for a moving wheel 
with “supersonic” speed (uwheei = 400 km/h, cr = 335 km/h). The interior of the 
halfspace is not shown 
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Subsoil 



To obtain the flexibility matrix for the excavated halfspace with boundary el- 
ements at the interface only, we either have to compute fundamental solutions 
which incorporate the modifled geometry of the excavated halfspace, or we 
have to modify the flexibility matrix of the regular halfspace. The former is 
rather tedious and would have to be repeated for every excavation shape. The 
latter is known from literature as “substructure deletion method” [11,22]. 



Excavated half space 



Regular half space 



Excavation 




Fig. 13. Procedure of substructure deletion method 



The method divides the soil into two substructures, the regular halfspace and 
the excavation. First we discretize the excavation using flnite elements. The 
mass, damping, and stiffness matrix of the excavation are then condensed to 
the nodes at the interface. 

The dynamic stiffness of the regular halfspace is computed as for surface 
structures, except that in case of embedded structures we have to evaluate 
the fundamental solutions also inside the soil. By satisfying equilibrium and 
compatibility conditions we obtain a dynamic stiffness matrix for the exca- 
vated halfspace essentially by subtracting the dynamic stiffness matrix of the 
excavation from the respective matrix of the regular halfspace [14] (Fig. 13). 

We also implemented a second version of the substructure deletion method 
according to [13], which is restricted to embedded structures, while the ver- 
sion described above can also be applied for buried structures like tunnels. 



Excavated half space Regular half space Excavation 




Fig. 14. Procedure of substructure deletion method according to [13] 






Dynamic Interaction Between Track and Layered Subground 447 



The advantage of the second version is the fact that the fundamental solutions 
have to be evaluated only at the surface, therefore the effort is the same as 
for structures on the surface. 



Coupling of Structure and Subsoil 

The coupling procedure is identical to the coupling of surface structures. As 
soon as the stiffness matrix of the excavated halfspace is available we can 
compute a dynamic stiffness matrix of the complete system and solve the 
resulting linear equation system with ANSYS. 



Application: Vibration Isolation by a Trench 

A common measure to isolate vibrations triggered by rail and road traffic is 
a trench between track and neighboring buildings. The trench is either filled 
with a different material or is even empty. In the following we demonstrate 
the vibration isolation for a simplified model of that kind of situation, namely 
two massless rigid foundations on the surface separated by a trench filled with 
elastic material (15). The ratio of the shear modulus of the soil and the trench 
is GTrench = 0.001 X Gsoil ^^d the ratio of mass density is ^Trench = 0.55 x ^soii- 
The Poisson’s ratio is i' = 0.45. 




Fig. 15. Two rigid massless foundations separated by a trench 



A harmonic vertical load Pz is applied to one foundation, while the vertical 
displacement Uz of the other is computed. As can be seen on the left hand 
side of Fig. 16 for static loads the trench has no effect whatsoever, while for 
dynamic loads a significant vibration reduction can be observed. On the right 
hand side the influence of the trench depth is shown. The deeper the trench 
the larger the amplitude reduction. For a depth of half the Rayleigh wave 
length the reduction in this example is approximately 50%. 
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0 1 2 3 4 5 



ao = a ujI^JGIp 




0 0.1 0.2 0.3 0.4 0.5 






Fig. 16. Vibration isolation by a trench, (a) Modulus of normalized deflections of 
foundation 2 as a function of the dimensionless frequency ao- (b) Ratio of vibration 
amplitude with trench vs. without trench as a function of the ratio of trench depth 
h and Rayleigh wave length Ar 



5 Outlook 

The models described above can be used in the process of design and refitting 
of railway tracks. In particular the possibility to analyze the propagation 
of vibrations excited by moving trains and their isolation by constructional 
measures is substantial for railway lines in populated areas. 

However, the models are by no means restricted to rail-bound traffic. Since 
we used the finite element method to analyze the structure, also vibrations 
induced by street-bound traffic and other man-made vibrations can be inves- 
tigated, as well as vibrations due to seismic excitation. 

Further research should be conducted to incorporate transient loads and non- 
linear material properties for embedded structures by means of a time domain 
approach. 
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Abstract. A method for the discrete particle simulation of almost rigid, sharply 
edged frictional particles, such as railway ballast is proposed. In difference to 
Molecular Dynamics algorithms, the method does not require knowledge about the 
deformation-force law of the material. Moreover, the method does not suffer from 
numerical instability which is encountered in MD simulations of very stiff particles. 



1 Introduction 

Traditionally, the subgrade of railway tracks is modeled using continuum me- 
chanics. These methods have been proven to yield reliable results in many 
applications and have been developed to standard methods. In certain appli- 
cations, however, continuum models fail in describing the mechanical proper- 
ties of the subgrade. This is the case when the ballast must not be considered 
as a continuous medium, but when the granularity of the material is impor- 
tant. Typical processes which cannot be sufficiently explained by continuum 
models are sedimentation of the ballast due to recurrent load, abrasion of 
the ballast particles which leads to less efficient damping properties and the 
formation of force chains inside the ballast material. 

In the past decade mainly by physicists much work has been done in the field 
of Molecular Dynamics of granular material, i.e., the numerical simulation of 
granular material as many-particle systems. This technique was applied to 
many interesting systems and has contributed to the explanation of several 
exciting and technologically important effects, such as mixing and demixing 
of granular materials, avalanche statistics on sand heaps, milling processes, 
convection dynamics in shaken granular materials and others. Many examples 
of such simulations can be found, e.g., in [1]. 

The idea of Molecular Dynamics is to simulate the granular material as a 
many particle system and to determine the dynamics of the system by nu- 
merical integration of Newton’s equation of motion for each of the N particles: 

Ti =Fi/mi 

where ri and <pi are the position and the orientation of the z-th particle of 
mass rrii and moment of inertia Jj while F[ and Mj are the force and the 
torque acting on this grain. In three dimensions Eqs. (1) establish a set of 
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6N coupled non-linear differential equations which have to be numerically 
integrated. The force Fi consists of gravity and of the interaction force of 
the particle i with other particles j 

Fi = ruig -h Fij , (2) 

j 

where g is the gravitational acceleration. Granular particles interact with 
each other only if they are in mechanical contact. For spheres of radii Ri and 
Rj we write 

fP _ f d- F^t if \vi — rj\ < Ri -\- Rj . . 

else, 

where and are the components of the force in normal and tangential 
direction with respect to the inter-center vector Vi — rj and n and t are 
the corresponding unit vectors. There exist several models for the interaction 
forces in normal and tangential direction (r^, rj) (see, e.g. [2]) 

which shall not be discussed in detail here. 

2 Molecular Dynamics Fails for the Simulation of 
Railway Ballast 

There are many examples where granular systems have been simulated by 
Molecular Dynamics, however, except for few examples, realistic simulations 
have been achieved only for systems where the dynamical behavior of the 
grains dominates the system properties. When the static properties of the 
particle system become important, i.e., when the relative velocities are small 
or zero, the details of the interaction force become essential for understanding 
the system behavior. We are faced with two major problems: 

• The interaction force of contacting particles must be known as a function 
of the particle positions and velocities. In the case of sharply edged grains 
such as railway ballast, this function is unknown. 

• As soon as the realistic simulation of static properties matters for the sys- 
tem behavior, the simulation slows down extremely which implies that 
to achieve affordable computation times one has to make simplifying as- 
sumptions on the particle contact which are not justified from the point 
of view of mechanics and material science. 

For these reasons we believe that the described Molecular Dynamics method 
is in principle unsuitable for the simulation of railway ballast. Below we list 
arguments which support this statement: 

1. Elastic normal force: Whereas the normal elastic force of contacting 
spheres is given by the Hertz law 

pN,e\ _ 2 T\/Feff 3/2 



( 4 ) 
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with y, I/, and i^eff being the Young modulus, the Poisson ratio, and 
the effective radius, respectively, this force is not known for more com- 
plicatedly shaped particles. For smooth particles (when the local ra- 
dius of the contact area is large as compared to the compression = 
Ri H- Rj — \vi — Vjl) the function (4) is certainly a good approximation, 
for sharply edged particles, however, this function fails. Some authors 
assume that the normal force is proportional to what they call “overlap” , 
i.e., the volume of the compressed material or (yet more simple) in two 
dimensions the “compression length” (for spheres the value which is 
certainly incorrect even for the most simple case of contacting spheres 
and the more for more complicatedly shaped grains. 

2. Dissipative normal force: The dissipative normal force of contacting 
bodies is unknown, in general. For viscoelastically colliding spheres and 
other smooth contacting surfaces it is given by 



T7iN,diss 






( 5 ) 



The prefactor T is a complicated function (for details see [3]) which con- 
tains the viscous constants of the material which are unknown in general. 
For particles which are not smooth, such as railway ballast, even the func- 
tional form of the dissipative force is unknown. The frequently applied 
force law oc ^ is not justified and fails even for spheres. 

3. Tangential force: Whereas for smooth bodies the normal force can be 
determined from bulk properties of the material, the tangential force is 
determined by the bulk and by surface properties. A natural (phenomeno- 
logical) assumption is 



< I^F,^ 



{&) 



where fi is the Coulomb friction parameter. Unfortunately, this model is 
not sufficient for static systems: Assume a (non-spherical) particle which 
rests on an inclined plane (angle a). Its normal force is = mgco^a 
and there is a corresponding tangential force too. To prevent the particle 
from sliding along the plane one has to assume an additional force which 
mimics static friction, e.g. [2]. This force cannot be derived from material 
or surface properties, hence, it is arbitrary. Choices for this function which 
can be found in literatures are even in disagreement with basic mechanics. 

4. Numerical integration of Newton’s law: Besides the fact that the 
numerical integration of the set (1) for a relevant number of particles 
e.g., N = 1,000 which establish a quite small system of 10 x 10 x 
10 particles in three dimensions, requires serious numerical effort, there 
are principal problems when applying Molecular Dynamics to a particle 
system: 

• For very rigid particles the gradient of the force is large and, therefore, 
requires a very small integration time step. The more rigid the particle 




454 T. Schwager &: T. Poschel 



material the slower progresses the simulation. Assuming a time step 
of At = 10~^ sec which is used in many MD simulations of granular 
material, one needs 10^ integration steps of the equations of motion 
(1) to achieve a real time of 100 sec only. Hence, a simulation of long 
time behavior using MD seems to be unrealistic. 

• The accuracy of the algorithm cannot be increased too much by 
reducing the time step. Frequently, predictor-corrector algorithms 
are used, which require powers of the time step, {At^ = 10~^^, 
{AtY = 10“^^, etc. (again for At = 10“^). If we ignore the prefactor 
of this powers in the integration scheme to obtain a crude estimate, 
one has to sum numbers of the orders 0(1), O (10“^), O (10“^"^), 
etc. Double precision numbers have a mantissa of 15 digits, therefore, 
one cannot sum numbers which are different by more than 10^^. This 
limits the minimal value of the integration time step. If one requires 
higher precision one needs real numbers in quadruple precision or 
higher which implies higher memory consumption and (more impor- 
tantly) yet larger computation time since multiplication of two num- 
bers in quadruple precision requires approximately quadruple time as 
a multiplication of double precision numbers. 

We are aware that these numbers are a very crude estimate which 
have been given to illustrate the problem. Of course, more sophis- 
ticated integration schemes suffer less critical from the addition of 
different numbers. In principle, however, the problem persists. 

3 Rigid Body Dynamics 

In Molecular Dynamics simulations the trajectories of the particles are deter- 
mined by numerical integration of Newton’s equations of motion. As discussed 
above, this implies the “soft particle assumption”, i.e., the particle deform 
under load. Since the particles are very hard but not completely rigid we 
encounter serious numerical problems as described above. 

The Rigid Body Dynamics originates from the opposite idea: The interac- 
tion forces are determined from the required behavior of the particles. This 
method is, therefore, suited to simulate perfectly rigid particles without the 
necessity to specify a certain force-deformation law. We consider the example 
of a rigid sphere which rests on a rigid flat surface (see Fig. 1). There is a 
point-like contact of the sphere and the surface, hence, there is a contact 
force in vertical direction. Moreover gravity acts on the sphere causing a 
force —mg. If one would chose the contact force = 0, the sphere would 
move downwards with an acceleration i.e., it would penetrate the surface. 
This unphysical behavior has to be avoided by the proper choice of the force 
F^ due to the following conditions: 

1. Contact forces have to be chosen in order to avoid penetration of contact- 
ing particles. 
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Fig. 1. A rigid sphere resting on a rigid flat surface. 



For our example > mg follows. On the other hand, a force > mg 
would lead to unphysical behavior since the sphere would move upwards. 
This is avoided by the second condition. 

2. A contact force vanishes when the contact breaks. 

A contact is said to break if the normal component of the relative accel- 
eration of the concerned particles, or their normal velocity is larger than 
zero. (The relative velocity is counted positive if the particles separate 
from each other.) 

3. There are no attractive normal forces. 

In our example F^ > mg causes the contact to break which implies 
that the contact force vanishes. Therefore, from these conditions follows 
F^ — mg. For this choice the total force is zero and the sphere rests 
on the plane. The conditions 1.-3. are sufficient to describe any particle 
system as long as there are no friction forces. For systems with friction 
we need one more condition: 

4. Friction forces act in parallel with the contact plane, i.e., perpendicular to 
F^ . Given the tangential force F* which is necessary to keep two particles 
from sliding. Then the acting tangential force is |F| = min {\F* \ , |//F^|). 
Its sign has to be chosen opposite to the tangential relative acceleration 
(or the tangential relative velocity). 

In agreement with Coulomb’s friction law the particles slide only if | > 
|F^|. If this condition is fulfilled the friction force adopts its maximal 
value ±/iF^ . 

To perform simulations one has to derive the forces of the particles in nor- 
mal and tangential directions from these four conditions. The corresponding 
algorithm will be explained in sections 5 and 6. 

In our simple example (Fig. 1) there exists only one contact between the 
sphere and the plane. In more complex situations, e.g. for a resting cube, 
there are contacts areas instead of points. These contacts may be always 
reduced to point contacts. It will be shown that the described conditions 
are sufficient to determine the forces and torques which act on the particles, 
provided there are not too many contacts in the system. If the number of 
contacts is too large only the total force and the total torque which act on 
a particle may be determined, but not each of the pairwise contact forces. 
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For the computation of the particle trajectories, however, the total forces and 
torques are sufficient. We will return to this issue in Sec. 8. 

Rigid Body Dynamics has been intensively studied in the past two decades. 
Descriptions of the algorithm can be found in [4,5]. The core of the algorithm 
is the numerical computation of the contact forces which is a Linear Comple- 
mentarity Problem [6,7]. An efficient algorithm for this type of problems can 
be found in [8-11]. Rigid Body Dynamics has also been applied to granular 
systems, e.g. [12,13], where frictionless smooth spheres have been simulated. 
Systems of granular particles subject to friction have been studied, e.g., in 

[14]. 

Due to our understanding the Rigid Body Dynamics is much better suited 
for the simulation of railway ballast for the following reasons: 

• Ballast particles are irregularly shaped and sharply edged. Even if the 
bulk material properties were precisely known, the contact force law is 
unknown due to the complicated shape. 

• Ballast particles are very stiff which implies that the gradient of the 
interaction force is very steep. In this regime the numerical integration 
of Newton’s equation is problematic. For the dynamics of the system 
the deformation of single particles is unimportant, i.e., the Rigid Body 
assumption is well justified. 

• Static friction, whose treatment in MD-simulations is problematic too, is 
essential for the dynamics of the system. It is correctly modeled in Rigid 
Body Dynamics. 

• The long time behavior of railway ballast is affected by abrasion and 
fragmentation of particles. Molecular Dynamics of fragmenting particles 
may cause artifacts for several reasons which cannot be discussed here in 
detail (see [15]). Rigid Body Dynamics is very well suited for this case. 

4 Schedule of Rigid Body Simulations 

The state of the granular system is described by the position and orientation 
of its particles and by the according time derivatives. Contacts between the 
particles may be classified as sticking and sliding contacts. In the due of time 
the contact network is modified by creation and termination of contacts as 
well as by transformation of sticking contacts into sliding ones and vice versa. 
Whenever the contact network is modified the state of the system changes 
qualitatively. The simulation proceeds in discrete time steps. Each of them 
consists of 

1. Contact detection: all existing contacts are registered. 

2. Treatment of collisions: A collision takes place if two contacting parti- 
cles move with negative normal relative velocity. In this case one cannot 
determine a finite contact force which would avoid penetration of the par- 
ticles since any force, however large it is, would need a short but finite 
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path to retard the colliding particles. Hence, mutual penetration would 
be unavoidable. Therefore, we need a special treatment for collisions (see 
Sec. 7). 

3. Formulation of the geometry equations: After a collision, in general, 
there is a number of contacts of particles which have a positive normal 
relative velocity, i.e., the particles lose contact. These contacts have to be 
erased from the list of contacts. The normal components of the relative 
velocities at all remaining contacts are zero. We have to establish the 
geometry equations which contain the information about the geometry 
of the system (see Sec. 5). 

4. Computation of the forces: Section 6 deals with the computation of 
the relative accelerations by means of the geometry equations. 

5. Integration of the equations of motion: Finally we have to inte- 
grate the equations of motion for all particles. During this operation it 
may be necessary to update the geometry equations and to repeat the 
computation of the forces according to the integration scheme used. 

5 Mathematical Description 

For convenience at first we will restrict to frictionless particles. When the 
mathematical framework has been developed for this simplified case we will 
then introduce friction forces between particles. The rigidity of the particles 
is enforced by means of mathematical motion constraints of the form 

9 {q) >0, (7) 

where g is a vector containing the positions (center of mass position and 
orientation) of all particles of the system. The constraint function g shall be 
zero if particles in the system are in contact and larger than zero otherwise. 
For spheres, which is the most simple case, the constraint function reads 

9{q) = \ri -rj\- Ri- Rj . ( 8 ) 

If the spheres would deform each other (jr^ — Vj\ < R{ Rj) the function 

g{q) would be negative, if the particles touch each other it would be zero. To 

prevent the deformation we require g{q) to be positive or zero, i.e., it has to 
fulfill the condition (7). For sharp edged particles, such as particles which are 
described by polyhedrons or polygons, the motion constraints are 



g{q) = rij {ri Xi - rj) - d , (9) 

where rij is normal of the face of particle j which is in contact with an edge 
of the particle i. The vectors ri and Vj are the center of mass positions of 
the particles, the edge of particle i that is in contact with the particle j is at 
position Vi Xi. The constant d is the distance of the contacting face of j 
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Fig. 2. Left: a face-edge contact, ri and rj are the center of mass positions, Xi is 
the coordinate of the contacting edge relative to the center of mass of particle i and 
Tij is the normal of the contacting face of particle j. Right: face-face contacts can 
be reduced to two face-edge contacts. The face normals of each of the contacts are 
displayed as well. 



from the center of the particle. The left picture in Fig. 2 shows a sketch of a 
typical contact of two particles. Face- face contacts can be described by two 
face-edge contacts (see Fig. 2). 

Every motion constraint corresponds to a scalar contact force /. According 
to d’Alembert’s principle the direction of the contact force is given by the 
spacial derivative of g with respect to all components of the coordinate vector 
q, namely dg/dq. The contact force that acts on a certain particle i is fdg/dqi, 
with qi being the coordinates of particle i. We can formulate the equation of 
motion for the particles^ 



Miqi 



= Qi 






dgq 

dqi 



9a{q) > 0 . 



Mi is the mass matrix of the particle z, which has the form 



Mi = 



/mi 0 0 0 \ 

0 mj 0 0 
0 0 mi 0 

\ 0 0 OJi I 



( 10 ) 

( 11 ) 



( 12 ) 



where Ji is the moment of inertia tensor. In two dimensional systems Ji is 
only a scalar Ji and there are only 2 entries of mi. Qi finally is the external 
force (and torque) acting on particle i. This is usually gravitation, but other 
external forces can be incorporated at this point as well. 

Although we formulated the motion constraints in the form g{q) >0 to allow 
separation of particles, contact forces can only act if particles are actually in 

^ Particle indices are written in Latin letters, contact indices in Greek letters. 
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contact. Therefore, constraints which are strictly positive, i.e. g{q) >0 (the 
particles are separated), can be disregarded. These constraints are said to 
be inactive. The remaining constraints, the active ones, are thus satisfied by 
g{q) — 0. Since the g{q) have to remain non-negative their time derivatives 
have to be non-negative as well. We therefore have 



9a 



dga 

dqk 

dga 



> 0 



.. , d^ga . . ^ n 

ga = ^—9* + a fl ^ 0 • 

dqk dqkdqi 



(13) 

(14) 



For simplicity of notation we used the Einstein convention, i.e. summation 
over doubly occurring indices k and / is implied. These time derivatives are 
the relative velocity and relative acceleration of the particles at their contact 
points. It is important to note that ga and ga are not the relative velocity or 
acceleration of the centers of mass of the particles but of the points of both 
particles which are actually in contact. It can easily happen that the relative 
velocity or acceleration of the contact points are positive (the particles are 
about to separate) although their centers of mass approach each other. 

We insert the equation of motion (10) into (14) and find 



9a 



d9a 

dqk 



Mk' \Qk + Y.f0 



dgg 

dqk 



+ 



d'^gq 

dqkdqi 



qkqi 



dga 

dqk 



(Mk^Qk) 



, d'^ga .. dga 
dqkdqi^'"‘^‘ dqk '' 



0 



dgp 

dqk 



(15) 



The first term on the right hand side describes the action of the external 
forces, the second term describes the action of inertial forces as, e.g., cen- 
trifugal force and Coriolis force, the third term finally describes the action of 
the contact forces. We can rewrite this equation as 



9a — 



^a 4 “ ^ ^ -^a^f (3 7 
/3 



(16) 



with Aa (3 and ha abbreviating 






dg0 

dqk 



b 



a 



dga 

dqk 



{M^'Qk) 



+ 



d^ga . . 
a — ^Ikqi ■ 
dqkdqi 



(17) 



From now on we will denote the relative acceleration of the contacting parti- 
cles at their contact points - the contact acceleration - as instead of ga> 
Equation (16) turns into 



^a — ha AapfjS 



(18) 
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where again summation over /? is implied. We will call this equation the ge- 
ometry equation. By means of this equation and the consistency conditions 
introduced in Sec. 3 we can now determine the contact forces f^. The con- 
sistency conditions read 

Oq > 0 

/« > 0 (19) 

^afa — 0 • 

The first condition prevents deformation of particles, the second one excludes 
attractive forces and the third one requests that contact forces may only act 
if the particles stay in contact, i.e., if = 0. These conditions together with 
the geometry equation (18) allows to determine the unknown contact forces 
fot‘ The whole system consisting of Eq. (18) and the conditions (19) is called 
a Linear Complementarity Problem. It can be solved by Dantzig’s algorithm 
[ 6 ], 

To incorporate friction we introduce additional motion constraints which 
shall, if possible, impede a tangential motion of the contacting particles. For 
polygonal particles they are of the form 

g{q) = tj {vi + Xi- rj - Xj) . (20) 

This constraint has a similar form as the constraint of the normal motion 
of the particles (9) but instead of the normal unit vector of the contacting 
face of particle j the tangential unit vector tj appears, thus ensuring that the 
edge of particle i at position ri~\- Xi does not move along the face of particle 
i away from the point Vj -I- Xj of initial contact. 

These motion constraints are, however, of different nature than the normal 
motion constraints. Whereas in the case of the normal motion the constraints 
must never be violated, the constraints on the tangential motion may actually 
be violated, as it happens when the particles start to slide. This is due to the 
fact that the magnitude of the friction forces are limited by ///at, with [i being 
the friction constant and /w the corresponding normal force. As reflected by 
the consistency condition 4 (ref. Sec. 3) the friction force must adopt its max- 
imum value if particles actually slide, i.e. if the tangential motion constraint 
is inactive. Thus, in this case the value of the friction force is determined 
without need of further consideration. In contrast to the case of normal mo- 
tion constraints we may not neglect the inactive constraints because now the 
corresponding contact forces are non-zero and thus the constraint has to be 
kept in consideration in order to determine the direction of the tangential 
force. 

Since friction causes only further motion constraints there is, in principle, no 
need of further discussion of the problem. The geometry equation (18) can 
describe systems with friction as well. For simplicity of notation it is worth, 
however, to consider normal and friction forces and their corresponding mo- 




Rigid Body Dynamics of Railway Ballast 461 



tion constraints separately. We now have 2 classes of motion constraints 
9^{q) >0 
9^{q) =0 

and the corresponding contact forces and /^. Now the equation of motion 
reads 



( 21 ) 



Mkiik - Qk + "*■ 



d^\ 



dqk " dqk J 

For the second time derivative of the motion constraints we obtain 

.^9a ( Af-1(0 'i I ■ ■ I ^9a jTf-l f 



( 22 ) 



9a 



dqk 



dqk 



^dj^ 

dqk 



dqk 






m 99^ . .rd9^ 



dqk 



+ 

^ dqk 



Renaming again by and using the abbreviations 



N 



d9^ 



dqk 



C=- 

“ dqk 



{Mk^Qk) 

(Mk^Qk) 



^ d^9^ . . 

+ ^ — ^QkQl 
OQkOqi 

+ ^-^QkQi 
OQkOqi 



and 



aNN _ 
^a(3 — 



N 



dqk dqk 

^TN _ dgl - 1 

- dqk dqk 



^NT _ dga ,>-l 

^a0 — 



dqk^’^ d. 



3 



aTT _ dgq if -1^90 

- dqk dqk 



we can write the modified geometry equations 

< =!>" + E (Ay 

®a ^0 ^a0f0) ■ 



(23) 



(24) 



(25) 



(26) 



The full set of consistency conditions then reads 



< >0 



>0 

<fa =0 

l/JI 

“I (|/J| - 9fa) =0 • 



( 27 ) 




462 T. Schwager & T. Poschel 



Equations (26) together with the conditions (27) can be solved with a modi- 
fied Dantzig’s algorithm [10] which will be discussed in the next section. Note 
that some of the tangential forces may be directly determined by the respec- 
tive normal forces, i.e., when sliding at this contact occurs. The consistency 
conditions for these forces have to be fulfilled, nevertheless. 



6 Dantzig’s Algorithm 

Contacts can be classified into breaking contacts (a^ = 0 thus = 

0), permanent static contacts, {a^ = 0 and = 0) or permanent sliding 
contacts (a^ = 0 but 7^ 0). If we knew a priory into which category 
each contact belongs the contact forces could be determined by solving an 
inhomogeneous system of linear equations which consists of all equations 
for which either = 0 or aj = 0, with the corresponding and /J 
as variables. All remaining normal forces are zero, the remaining tangential 
forces assume their maximum values. Unfortunately the contact classification 
is only known if we know the contact forces as well. 

We apply Dantzig’s Algorithm to determine the forces together along with 
the corresponding contact classification. It starts with considering a certain 
contact, disregarding all others, i.e., their contact forces are set to zero. After 
having found a solution for this contact its classification is also known. The 
algorithm proceeds then with the next contact. Again the contact forces are 
determined preserving the consistency of all contacts considered before. In 
this process the contact classifications of the already consistent contacts may 
be changed if necessary. The process is repeated until the last contact has 
been classified. 

All contacts are assigned to one of four lists: 

• List NC of breaking contacts 

• List Cf of permanent static contacts 

• List of permanent sliding contacts. In list are all contacts where 

= ///^, in C~ all contacts where 

All contacts in the above lists are considered to be consistent, i.e., they sat- 
isfy the consistency conditions. The classification is done successively for all 
contacts a by: 

1. Check if the normal force = 0 satisfies the consistency conditions 

> 0. If this is the case the contact is consistent and belongs to NC. 

2. If < 0 we have to increase the normal contact force to obtain a 
non-negative normal acceleration. However, increasing the normal force 

will change the contact accelerations of the already classified contacts 
as well. Since for the permanent contacts P we need = 0 (and for the 
static contacts also aj = 0) this would invalidate the classification of 
these contacts. To preserve the consistency of the classified contacts we 
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will have to change the contact forces of the the permanent contacts 
as well. We now have to determine how much we have to change these 
contact forces for a given increase s of the new force to keep a^=0 
and, if necessary aj = 0. To calculate the necessary changes we formulate 
a reduced set of geometry equations: 



0 = a; 






0 = aj =bl 



I j7VN,red r 
I ATN,ved rT 



+ ■ 



^/3a 



•TV 



jTT,red fT , aTN rN 
I ^(3'y •/ 7 ' ^(3a Ja ' 



(28) 



The reduced set of geometry equations can be obtained from the original 
geometry equations (26) disregarding all breaking contacts and replacing 
/J = contacts (3 from (sliding contacts). Since only 

permanent contacts remain all contact accelerations in the reduced ge- 
ometry equations are thus zero. If we now change the new contact force 
+ 5 we have to vary the previously known contact forces 

in the reduced geometry equations by an unknown amount in 

order to keep the contact accelerations at their required value of zero: 



0 (/,^ + Af^^) + {f^ + Af^) 

+ if^ + s) 

0 =bj + if!; + Af^^) + {f^ + Af^) 



Inserting Eq. (28) we find 



PI 



(30) 



This is linear system of equations for the unknown with the 

step size s being a parameter. The necessary variations are 

proportional to the step size 5, hence the solution is of the form 

, (31) 

where is the necessary variation if s = 1. By inserting the changed 

values back into the original geometry equations we now know as well by 
how much the accelerations of the breaking and sliding contacts change. 

3. We increase the value of the new force until either the acceleration 
— 0 contact is now consistent) or until the classification of any 
already consistent contact changes. The classification changes if either 
(a) a normal acceleration > 0 becomes zero: The contact becomes per- 
manent and has to be moved from NC to either Cf or according 
to its present value of the corresponding tangential acceleration. 
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(b) a normal force > 0 (permanent contact) becomes zero: the contact 
is now a breaking contact and has to be moved from Cp or to 
NC. 

(c) a tangential acceleration a J / 0 becomes zero and the corresponding 
tangential velocity is zero: the contact now is static and has to be 
moved from to Cf- 

(d) a friction force previously of smaller magnitude than its allowed max- 
imum reaches the maximum value =b/i/^: the contact becomes sliding 
and has to be moved from Cp to C^. 

4. if we have not yet found consistent values for and we have to 
proceed with step 2. 

If the contact a is permanent we have to consider the tangential component 
aj of contact a too. The procedure is very similar to the calculation of . 
The only difference is that if aj > 0 we have to decrease the friction force 
until it assumes its negative maximum value and if a J <0 we have to increase 
the friction until it adopts its positive maximum value. 

7 Collisions 

In the framework of Rigid Body Dynamics collisions occur if two contacting 
particles have a negative normal relative velocity at their contact point. We 
can easily convince ourselves that no finite contact force can prevent a de- 
formation of the particles. No matter how large the force is, it will always 
take a finite, however small, time to stop the approaching particles, hence 
they will deform each other. Thus, to prevent deformation of the particles an 
infinite repulsive force of infinitesimal duration is necessary. It turns out that 
the total momentum transfer Ap between the two particles is finite^: 

tc 

Ap = ^lim^ J fdt = finite . (32) 

0 

Resolving multi-particle collisions it turns out that the resulting state of the 
particles after the collision is not unique. This is due to the infinite stiffness 
of the particles, or equivalently, the infinite speed of sound in the particle 
material. In the limit of infinite speed of sound all information on the exact 
collision mechanism, e.g., the sequence of individual pair collisions, is lost, 
since any of the collisions is of vanishing duration. Colliding particles of finite 
stiffness do not exhibit this feature, since here all processes take finite time. 

^ Note that the duration tc of the collision is only formally the parameter of the 
limit in the equation above. This limit is actually achieved by starting with 
deformable particles and increasing their stiffness to infinity. In this limiting 
process the duration of collision approaches zero. 
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According to these arguments the necessary information on the detailed col- 
lision mechanism is not accessible. The following set of assumptions turned 
out to yield realistic results, although they cannot be uniquely derived: 

1. All individual pair collisions occur at once. 

2. The transfer of momentum at contact points is finite. There is no mo- 
mentum transfer which corresponds to attractive forces. 

3. The relative velocity after a collision can never be smaller than —ev^ 
where e is the coefficient of restitution and v is the impact velocity at 
that contact (i; < 0 !). 

4. If the velocity after the collision is strictly larger than —ev there is no 
momentum transfer at this contact. 

The first two assumptions have been introduced already. The remaining two 
assumptions deserve further discussion. Two-particle collisions can be de- 
scribed by means of the coefficient of restitution which relates the precolli- 
sional relative velocity v and the final velocity v' after the collision: 

v' = -ev . (33) 

In the case of multi-particle collisions, however, two particles which initially 
rest relatively to each other may separate after a collision. Therefore, the 
final velocity may indeed be larger than the value —ev. Contrary it may no 
happen that two particle which collide with a finite impact velocity are at 
rest relative to each other afterwards. Therefore, v' > —ev. 

The fourth assumption simply means, that if two particles separate from each 
other with higher velocity than —ev their aftercollisional velocity may not be 
increased further by an additional momentum transfer. 

For convenience we define the excess velocity Av 

Av = v' + ev , (34) 

which is zero if v' = —ev. The source of any velocity change is a momentum 
transfer between the colliding particles. We can relate the excess velocities 
at the contacts with the momentum transfers by means of the collisional 
geometry equation, which is derived in a similar way as the geometry equation 
of the force algorithm: 

AVct = (1 -|- e) fct + • (35) 

Note that the v^ are relative velocities of the contact points of two contacting 
particles, but not the velocities of the particles themselves. In mathematical 
terms the above discussed assumptions read 



AVa > 0 
Apa > 0 
AVaApa = 0 . 



(36) 
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The first condition prevents the final velocity from being smaller than —ev. 
The second condition excludes attractive interaction between particles. Fi- 
nally, the third condition means that there may be a finite momentum transfer 
only if Av — 0. These conditions together with the geometry equation (35) 
form a Linear Complementarity Problem which is already familiar from Sec. 
6 and can be solved by Dantzig’s Algorithm. 

8 Resolution of Static Indeterminacy 

If the number of contacts in the system is too large, the contact forces cannot 
be uniquely determined by the force algorithm. This occurs, if the number of 
free variables in the system, i.e. the number of contact forces, is larger than 
the number of mechanical degrees of freedom, 2>N in 2d or in 3d, with N 
being the number of particles. However, the total forces and torques acting on 
the particles and, hence, their trajectories are unique. This drawback restricts 
the applicability of Rigid Body Dynamics for the simulation of railway ballast, 
since this system is of mainly static nature, the exact knowledge of the contact 
forces is crucial for understanding its behavior. 

So far we have considered the contact forces as independent of each other. 
This assumption is the reason for the force indeterminacy. In realistic systems, 
however, the forces are not independent (Fig. 3). If we apply an external force 
directed to the right on the central particle, we increase the contact force with 
the particle to its right while at the same time decreasing the contact force 
with the particle to its left. In this example both contact forces in reality 
depend on a single parameter, which is the applied external force. 




Fig. 3. The central particle is in contact with two other particles. The contact 
forces on both contacts are not independent of each other. 



We can mimic this behavior by introducing small displacements of the parti- 
cles. Each particle has a set of macroscopic coordinates r and 0 and a set of 
microscopic coordinates Sr and Scf). In analogy to the vector q of all (macro- 
scopic) coordinates of all particles, we define the vector Sq of all microscopic 
(infinitesimal) coordinates. The contact network and the kinematic state of 
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the particles is determined solely by the macroscopic coordinates, hence they 
can be considered as the actual coordinates of the particles. The microscopic 
coordinates lead to a deformation of contacting particles. By definition they 
are of infinitesimal size, which allows us to restrict ourselves to a linear ap- 
proximation in Sq for the computation of the deformations. The vector ^ of 
all deformations in the system 

^ = DSq (37) 

is defined by the deformation matrix D and the microscopic coordinates. The 
dependence of D on the geometric properties of the systems is straightforward 
but lengthy, therefore we will not give explicit expressions here (for the full 
derivation see [15]). We define a force law to relate the deformations at the 
contact points with the contact forces: 

/ = fiO • (38) 

Now the contact forces are functions of the displacements Sq. To calculate 
the forces we use the geometry equation (26) together with the consistency 
conditions (27). This set of equations is to be solved for the microscopic 
displacements Sq. Hence, there are as many variables as degrees of freedom, 
i.e., the system is unique. 

To determine the microscopic coordinates we use an overdamped relaxation 
method. We start with a set of inconsistent coordinates Sq. Inconsistent 
means that the consistency conditions for the resulting forces and acceler- 
ations are not fulfilled. Now we let the system relax. This way we find new 
microscopic coordinates such that ^ — ha^ with h being the step size 
and a the vector of all contact accelerations. If the contact acceleration is 
negative the displacement will be larger, yielding a larger force to stop the 
approaching motion of the contacting particles. Since the adjustment step for 
the displacements is proportional to the acceleration the sequence of micro- 
scopic coordinates of the particles can be understood as overdamped motion. 
The adjusted microscopic coordinates are the solution of the linear system of 
equations 



^ - ha = DSq' 


(39) 


or, equivalently 




D {Sq' — Sq) = —ha . 


(40) 



In cases where there are less degrees of freedom than contact accelerations 
the system of equations is overdetermined. There may be vectors ha which 
are not representable by any vector Sq' — Sq. In this case we have to project 
the vector —ha into the image space of the operator D before solving the 
system of equations. 
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We repeat the adjustment of microscopic coordinates until the consistency 
conditions are met. To further improve the speed of this method we can save 
the microscopic coordinates which yielded a consistent system in the previous 
time step. If the system did not change too much this set of microscopic 
coordinates is very close to the new solution and we need only few iteration 
steps to arrive at the new solution. 

This method combines the advantage of Rigid Body Dynamics, namely the 
ability to simulate very stiff particles, with the advantage of Molecular Dy- 
namics, namely uniquely defined contact forces. An additional advantage of 
the method of small displacements is that we can now easily simulate certain 
degradation mechanisms. If we, for example, want to simulate the effects of 
abrasion of edges of the particles we can do this by gradually changing the 
force law (38), which describes changing edge properties of the particles. 

9 Step Size Control 

The integration scheme used in our implementation is a Runge-Kutta method 
of fourth order. During one time step there are four force computations nec- 
essary. Since we use discrete time steps we are frequently faced with the 
problem that after a given time step some particles do deform each other. In 
this case, obviously, the chosen time step was too large. This problem could 
be solved by predicting the time of next contact (collision) from the present 
state of the particles. Since the particles are subject to forces which vary in 
time this prediction cannot be accurate, as we approach a collision we would 
have to update it repeatedly. Since this prediction method is quite compli- 
cated we chose a simpler method. We advance the system by a certain time 
step. When determining the contacts in the next time step (see Sec. 4) we 
check for deformations of the particles. If any deformations occur we restore 
the state of the system before this time step and take a time step of half its 
original value. We then repeat this process, i.e. advance the system by the 
new time step and check for deformations. If we again encounter deformations 
we again divide the time step by two and repeat the computation until a state 
without deformations is reached. The new state of the system is accepted and 
the other steps of the algorithm are performed. This procedure ensures that 
there will be no particle deformations in the system at the beginning of any 
accepted time step. 

Since this method can only decrease the time step, however, we need a proce- 
dure to increase the time step again^ in order to avoid permanently slowing 
down the simulation. We can always increase the time step if there are no col- 
lisions in the systems for a certain time. Hence, if we successfully performed 
a number of time steps without encountering collisions we can increase the 
time step again by a factor of two. We cannot increase the time step after 

^ There is, of course, an upper limit to the time step which is dictated by the 
accuracy of the chosen integration scheme. 
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only one successful time step since this may lead to frequently alternating in- 
crease and decrease steps. A requirement of three successful time steps before 
increasing the time step has shown to yield good computational efficiency. 
With this choice of a step size control method we have completed the discus- 
sion of the simulation algorithm. 



10 Conclusions 

Although Molecular Dynamics methods have recently been applied success- 
fully to the simulation of the dynamics of railway ballast [16] we have doubts 
that this technique is suitable to the simulation of almost rigid, sharply edged 
particles such as railway ballast, in particular if the system behavior is gov- 
erned mainly by static properties of the system. Moreover, it seems to be 
unsuitable for the simulation of long time effects such as densification and 
wear of ballast. 

The Rigid Body Dynamics is a method which is intended to describe the 
motion of systems of very stiff particles. In a natural way it avoids the prob- 
lems of Molecular Dynamics simulations which have been discussed in detail 
in Sec. 2. These problems are unavoidable within the concept of Molecular 
Dynamics. Therefore we believe that Rigid Body Dynamics is much better 
suited to the simulation of railway ballast than Molecular Dynamics. From 
the presentation of the algorithm we have seen that a time step in Rigid 
Body Dynamics is a lot more complicated than a time step in Molecular Dy- 
namics. Hence the according implementation requires by far more computing 
time than an implementation of a Molecular Dynamics code. Fortunately this 
disadvantage is offset by the fact that in Rigid Body Dynamics we can chose 
a larger time step than in Molecular Dynamics. Whereas in Molecular Dy- 
namics the time step is determined by the critical deformation (the length on 
which the force changes by one unit) divided by the characteristic velocity in 
the system, which usually yields a very small time step (e.g. ~ 10“^ sec), the 
time step in Rigid Body Dynamics is determined by the characteristic time 
in which the forces in the system change significantly. The latter quantity is 
usually much larger 10“^ sec). Thus, the computing time requirements 
for both methods are comparable when simulating mainly static problems as 
it is the case for railway ballast. 

An additional advantage of Rigid Body Dynamics is that fracture of parti- 
cle can be introduced in a very natural way. When dealing with deformable 
particles in MD simulations the fracture of particles can lead to numerical dif- 
ficulties. After the fracture of a particle, i.e., when a large particle is replaced 
by two or more fragments, there will be a finite time in which the system 
has to readjust and to reach a new stable state. There are situations when 
the new stable state deviates significantly from the realistic (experimental) 
situation. This problem is not encountered in Rigid Body Dynamics. After 
a fragmentation (which is algorithmically done by constructing two or more 
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new polygons from the previous particle simply by introducing another edge 
into the old particle and splitting along this line) the system remains always 
stable. 

It is our firm believe that Rigid Body Dynamics provides a very promising 
alternative to Molecular Dynamics for the simulation of railway ballast. 
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Abstract. The report presents the second part of the Benchmark test which was 
part of the DFG-priority program ’’System dynamics and long-term behaviour of 
vehicle, track and subgrade” . Ballasted tracks and slab track systems on homoge- 
neous and layered half-space are examined. Different track systems, different soil 
conditions, different calculation methods and a number of parameters were inves- 
tigated. For example the complete or the relaxed boundary condition between the 
ballast and the soil was found to be of importance at low frequencies. The type and 
the values of the material damping of the pad element has great influence on the 
flexibility of a slab track. Generally it has to be noted, that the flexibility functions 
of all analyzed systems are described sufficiently well by all models. 



1 Introduction 

During the DFG-priority program ’’System dynamics and long-term behaviour 
of vehicle, track and subgrade” models for the calculation of the system 
’’vehicle-track-subgrade” have been developed. A Benchmark test was ar- 
ranged between different research partners in order to proof and to validate 
the models and the different calculation procedures used. This Benchmark 
test was coordinated by the working group of the Federal Institute of Mate- 
rial Research and Testing (BAM). The first comparison of calculations took 
place already in the second phase of the research priority program and re- 
sults were presented in 1999. The main emphasis of these first examinations 
was the calculation of single sleepers as well as a ballasted track consisting 
of several sleepers and lying on a homogeneous or layered half-space. The 
report on hand represents the second part of the Benchmark test: the cal- 
culations of complete track systems. Ballasted tracks and slab track systems 
are examined on homogeneous and layered half-space. 
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SINGLE RIGID SLEEPER 




SEVEN RIGID SLEEPER SYSTEM 




Fig. 1. Sleeper-soil systems (first part of Benchmark test) 



2 Approach and Participants 

The Benchmark test was activated according to the conclusion of the first 
phase of the priority program in 1998. Firstly different suggestions on the 
systems to be calculated were presented and coordinated. The definite ap- 
pointments were made in the beginning of 1999. The calculations of the first 
two systems, single sleepers and ballasted tracks without rails (Fig. 1), were 
performed in the beginning of 1999. The Benchmark test was resumed in 
2000 and taken to the end with the calculation of complete track systems 
during the year 2001. 

The institutes named at the beginning of the paper contributed to the Bench- 
mark test at least to the most important track-subsoil systems. In addi- 
tion, the technical university of Hamburg-Harburg (0. v. Estorff, M. Firuzi- 
aan) and the Federal Armed Forces University Hamburg (R. hammering, M. 
Plenge) were involved. The v. Estorff group joined this priority program at a 
later point in time and especially worked on calculations in the time domain. 
The hammering group did measurements in the laboratory at systems quite 
similar to the ones calculated in the Benchmark test. In order to limit the 
scope of this paper the contributions of these participants are included in 
their reports in this volume. 

3 Calculated Systems 

3.1 System Data 

The requirements of the second part of the benchmark test had already been 
fixed at begin of the first part. The complete description of the track sub- 
soil systems is summarized in Tables 1 to 4. After rigid sleepers with mass 
-single sleepers and a seven sleeper system- were examined in the first part, 
a complete ballasted track with elastic sleepers, elastic pads and rails was 
investigated in the second part. In addition, a complete slab track system. 
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with underground, elastic plate, high elastic pads and rails was examined. 
Both a homogeneous half-space and a layer system (soft layer on stiff layer 
and vice versa) were regarded. The frequency domain to be examined contains 
frequencies of 0 to 200 Hz with a frequency step of 5 Hz. 



Table 1. Parameters of the homogeneous and layered soil 



Subsoil 


homogeneous 


soft layer 


stiff layer 


vs, subsoil in m/s 


200 


150 


300 


p subsoil in kg/m® 


1700 


1700 


1700 


^subsoil 


0.25 


0.25 


0.25 


layer thickness in m 




1.0 


1.0 


material damping 


5 • 10“^ 


5 • 10“^ 


5 • 10"^ 



Table 2. Parameters of the ballasted and the slab track 



Slab Track Ballast 



width in m 


3.0 


thickness protection layer 
in m 


0.3 


Pconcrete in kg/m^ 


2500 


Young’s modulus in N/m^ 


3.0 • 10 


thickness HGT in m 


0.3 


Young’s modulus HGT 
in N/m^ 


1.2* 10 



thickness in m 


0.35 


width (top/bottom) in m 


3.60/5.60 


vs in m/s 


300 


pbaiiast in kg/m^ 


1700 


l^ballast 


0.25 


material damping 


0.03 



3.2 Ballasted Track 

A system with rails and thirteen elastic sleepers is calculated (Fig. 2). The 
ballast is modelled as an own layer. For the pad element between rail and 
sleepers the values of the type Zw 687 is used. The underground is a linearly 
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Table 3. Parameters of the rail and the sleepers 



Sleeper 




Rail UIC 60 




sleeper distance in m 


0.6 


rail distance in m 


1.50 


sleeper length in m 


2.6 


1 in m 


3.055 • 10"® 


sleeper width in m 


0.26 


area (cross section) in m^ 


7.686 • 10“® 


sleeper height in m 


0.2 


rail mass in kg/m^ 


7850 


sleeper mass in kg 


290 


Young’s modulus in N/m^ 


2.1 • 10^^ 


Pconcrete in kg/m 


2145 


^steel 


0.3 


^sleepers 


0.16 






Young’s modulus in N/m^ 


3.0-10^° 







Table 4. Parameters of the rail pads 



Rail Pad 


Ballasted Track 


Slab Track 


stiffness in N/m 


6.0 • 10® 


2.25 • 10^ 


damping in Ns/m 


2.0 • 10^ 


to 

o 

o 




feint 


feint 




2 


2 




Fig. 2. Geometry of the ballasted track 
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elastic homogeneous or a layered half-space. The track is loaded by two verti- 
cal forces on both rail heads representing an axle load of 1 (N). The flexibility 
functions were calculated at the top of the rails and at the sleepers. 




de= 0.3 m 
d^= 0.3 m 



Fig. 3. Geometry of the slab track 




3.3 Slab Track 

As in the case of the ballasted track system, a system with thirteen elastic 
sleepers is examined (Fig. 3). Under the sleepers there is a concrete plate, 
which lies over a hydraulic consolidated soil (HGT). For the stiffness of the 
pad element the data of the element Zw 700 have been used, which is much 
softer than that used at ballasted tracks. The underground is regarded as an 
elastic homogeneous or layered half-space (Fig. 4). The axle load is repre- 
sented by two forces on both rail heads. 



4 Calculating Procedure 

The different calculation procedures developed by the participants have differ- 
ent main emphases and advantages. For some procedures the best modelling 
of the infinite underground is the main aim, other procedures are focused on 
the possibility to model the complete system ’’train-track-subsoil” . 

To start with the underground, five different possibilities were used by the 
participants, in principle. At the TU Berlin (Savidis) as well as at the BAM 
the so-called thin layer method is used. This method can be used either 
to formulate boundary conditions directly for the finite element range or 
else to calculate general point load solutions which are used to calculate 
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Homogeneous Half-Space 




Layered Half-Space 





Fig. 4. Different soil models 



the flexibility matrices in a second step. For this second way complete point 
load solutions are calculated by BAM (with complete layer matrices of thick 
layers in comparison with the approximations for thin layers) . The TU Berlin 
(Knothe) uses a solution for the homogeneous subsoil system, which is based 
on the exact calculation of a boundary value problem of a half-space loaded 
by a rectangle burden. 

Another method of the calculation of flexibility matrices for the underground 
is the boundary element method which is used by the Ruhr University of 
Bochum. In this case the point load solution of the full space is used. It is the 
advantage of this method that one can model arbitrary layer systems, what 
is accompanied by a larger numeric effort. 

All mentioned procedures yield flexibility matrices of the underground which 
must be connected with a computational model of the track. The flexibility 
matrices are complex and frequency dependent and very large for flexible 
track structures. By certain reductions (i.e rigid sleepers) or other determined 
simplifications (i.e. averaged deformations at the soil surfaces) it is possible 
to form simpler flexibility matrices. Corresponding matrices are calculated by 
the TU Berlin (Savidis) for the layered underground. These results were used 
by the TU Berlin (Knothe) and the University of Hanover in their models. 
The TU Berlin (Savidis) however did not use the simplified solutions, their 
calculation has been done with complete ground matrices. 

At the TU Berlin (Savidis) the flexibility matrices of the ground are handed 
over to the finite element program ANSYS and connected with a FE-model of 
the track. The ballast, the slab track and the sleepers are modelled as an elas- 
tic continuum and the rails as elastic beams. At the generation of the coupling 
matrices between underground and ballast complete interaction, i.e. coupling 
between horizontal and vertical degrees of freedom, is assumed (non-relaxed 
boundary condition). For comparison purposes systems are also examined 
without complete interaction (relaxed boundary condition). The elastic pad 
element is modelled as a viscously damped spring-dashpot element. The cal- 
culation then is carried out in three steps: 

• at first the point load solutions (Greens functions) of the underground 
are determined 




Comparative Track-Subsoil Calculations 477 



• after this the dynamic flexibility matrix is built in the contact surface 
between ballast and underground 

• the dynamic flexibility matrix of the underground is finally added to the 
flexibility matrix of the track and the system is solved. 

The procedure of the BAM works in a similar way, however, one gets the 
underground stiffness and the complete solution within the same program, 
an extended SAP version. 

Although in principle the procedures of TU (Savidis) and BAM Berlin are 
very similar, some differences, however, are evident: 

• The Greens functions of the underground are determined with principally 
different procedures. 

• By the generation of the stiffness matrix of the subsoil, differences exist 
with regard to the modelling of the contact surface between subsoil and 
ballast and with regard to the used integration procedures. 

• Finally, there are differences in modelling the ballast, pads and rails with 
the finite element method with regard to the used element type as well 
as with regard to the degrees of freedom. 

At the procedure of the Ruhr University of Bochum the underground and 
ballast is calculated with the procedure of boundary elements. Thereby, there 
is a complete contact between underground and ballast. The sleepers and rails 
are modelled as an elastic beam. The pad-element is regarded as a viscously 
damped spring-dashpot element. The boundary element flexibility matrix is 
coupled within the program with the finite element flexibility matrix at the 
contact surface of the sleepers. 

TU Berlin (Knothe) and the University of Hanover used in principle an identi- 
cal approach. There are, however, differences with regard to the used solution 
procedures. At these models the dynamic behaviour of the underground is 
taken into account by flexibility matrices which have been calculated in a pre- 
ceding step and which assume an incomplete coupling between underground 
and ballast (relaxed boundary conditions). Unlike the discrete modelling with 
help of finite procedures the main emphasis then lies, however, on the ap- 
plication of analytic calculation procedure for the infinite track system. The 
ballast is modelled by hysteretic damped elastic bars with mass. The sleepers 
consist of rigid masses and the rails are Timoshenko-beams. The pad elements 
are taken into account as viscously damped spring-dashpot elements. 



5 Results 

The aim of the participants of the Benchmark test is to develop suitable 
calculation procedures by which the complete system "running vehicle over 
ballasted track or slab track system on an arbitrary underground" can be 
calculated sufficiently. Since the system to be looked at is extremely complex 
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Table 5. The different calculation methods 



Element TU Berlin BAM Berlin Ruhr-Uni TU Berlin University 

(Savidis) Bochum (Knothe) of Hanover 



rail elast. beam 

finite 



rail pad 


spring- 

damper 




viscous 

damping 


sleeper 


elast. beam 


contact 


non-relaxed 


ballast 


continuum 
solid FE 




hysterectic 

damping 


slab 

track 


continuum 
solid FE 


subsoil 


thin layer 


program 


PUNCH 
(thin layers 
for subsoil) 

ANSYS 



elast. beam 


elast. beam 


finite 


finite 


ID-bar 


spring- 




damper 


hysteretic 


viscous 


damping 


damping 


elcist. beam 


elast. beam 


non-relaxed 


non-relaxed 


continuum 


continuum 


solid FE 


BEM 


hysterectic 


hysterectic 


damping 


damping 


continuum 


continuum 


plate and 


BEM 


solid FE 




thin and 


BE-full- 


thick layer 


space 


PUNKT 


SSI3D 


(thick layers 




for subsoil) 




BAM SAP 





elast. beam 


elast. beam 


infinite 


infinite 


spring- 


spring- 


damper 


damper 


viscous 


viscous 


damping 


damping 


mass elem. 


mass elem. 


relaxed 


relaxed 


el. bar with 


el. bar with 


mass 


mass 


hysterectic 


hysterectic 


damping 


damping 

beam on 

visco-el. 

found. 



precalculated precalculated 
flexibility flexibility 
(TU Berlin) (TU Berlin) 

SUBTRACK TTI 



and the partial systems are coupled with each other many times, simplified 
procedures are required. The reduction of complex models to easily compre- 
hensible and calculable models, requires however best knowledge about the 
influence of the method of the modelling and about the kind of interaction 
of the different parameters. Therefore, in addition to the comparison of the 
numerical results of the different models, there is another aim of this exam- 
ination: to derive notes and recommendations for a suitable and sufficient 
modelling of the complete system. 



5.1 Ballasted Track 

During the DFG-priority program different measuring campaigns were car- 
ried out by BAM with different targets (see i.e. [9]). For the comparison 
carried out here, measurements are selected in operational tracks although 
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for these measurements not all initial parameters are known. Measurements 
of this kind yield, however, the best summary of the real system behaviour. 
The result of such a measurement is presented in Fig. 5 for the ballasted track. 
The picture shows results of the flexibility functions of the rail, the sleeper 
and the subsoil. At all measurements carried out, the maximum values of 
the flexibility were measured in the static range. After this a steady decrease 
of the flexibility is generally observed, in which distinctive resonances of the 
system "’track-subsoil” do not appear because of the high radiation damping 
of the subsoil. The resonance in the range around 120 Hz have to be assigned 
presumably to the first bending natural frequency of the sleepers. Such a be- 
haviour, however, is not generally observed and only appears, if particularly 
the middle part of the sleepers is not in contact with the ballast. The flexibil- 
ity function of the sleeper essentially follows the course of the flexibility of the 
rail but the amplitude of the flexibilities is generally smaller in dependence 
of the stiffness of the pad element. 




The flexibility functions of the ballasted track calculated by the different par- 
ticipants are presented in Fig. 6 for the rail and in Fig. 7 for the sleepers. 
The underground is a homogeneous half-space. In agreement with the ex- 
perimental results presented in Fig. 5, the numerical results show that the 
ballast track behaves in principle like a highly damped single degree of free- 
dom system. The maximum values of the flexibility function are determined 
by the static stiffness of the track and underground. With the exception of 
the results of the participants who model the ballast as a block, no distinctive 
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resonance behaviour can be found in the frequency range examined. Larger 
differences arise, however, in the comparison of the absolute values of the 
flexibility of the single models. With regard to the model formation, the pro- 
cedures of TU Berlin (Savidis) and BAM Berlin are largely comparable (see 
also Table 5). The comparison of the results shows that the results of the 
BAM and the results of the TU Berlin differ about 15%. 




The results of the university of Hanover and TU Berlin (Knothe), which uses 
pre-calculated flexibility matrices for the subsoil of TU Berlin (Savidis), are 
in the upper end of the results. In order to come closer to the causes of these 
deviations and to be able to judge the sensibility of different influence pa- 
rameters on the flexibility behaviour, some supplementary calculations were 
carried out: The influence of the sleeper number, the kind of material damping 
and the kind of the boundary condition between underground and ballast is 
investigated. The most essential results of these calculations are represented 
in Fig. 8. 

From the flexibilities represented in Fig. 8 following results can be derived: 
The number of the sleepers taken into account in a track model affects only 
marginally the static flexibility. For frequencies higher than 20 Hz the flexi- 
bilities are almost identical. This result is in agreement with an earlier calcu- 
lation in which a sufficient number of seven sleepers was stated [14]. The kind 
of the material damping of the ballast (viscous, hysteretic) does not have any 
influence on the static value, affects, however, the flexibility functions at the 
higher frequency range where a viscous damping leads to smaller values of 
the flexibility. The kind of the boundary condition between underground and 
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0 50 100 150 200 

frequency in Hz 

Fig. 8. Influence of some parameters on the flexibility of the rail 



ballast proves to have a relatively strong influence on the amplitude of the 
flexibility functions in the static range up to frequencies of approximately 50 
Hz: An incomplete coupling (relaxed boundary condition) leads to greater 
flexibilities by about 15%. 

The following explanations for the deviations of the different models can be 
found on the base of the results presented in Fig. 8: 

Low-frequent deviations between the analytic models and the other models 
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have to be ascribed mainly to the influence of the boundary condition be- 
tween underground and ballast where an incomplete coupling causes larger 
flexibilities. The stated differences of the flexibility functions at the rail be- 
tween BAM and TU Berlin (Savidis) at the higher frequency range are mainly 
a result of different material damping. The deviations on hand at the static 
and at the low-frequent range cannot be Anally explained. Causes may be 
the different calculation of the flexibility matrices of the underground as well 
as the flneness of the discretization and the choice of the flnite elements for 
ballast, pads and rail. 

The results of the Ruhr University of Bochum determined with help of the 
boundary element method are found between the flexibilities of BAM and TU 
Berlin (Savidis) and the general course of the flexibility function corresponds 
to all other models. 




Fig. 9. Flexibility of the ballasted track on a stiff layer over soft half-space 



For the layered half-spaces shown in Fig. 3 the flexibilities of the rail points of 
the track are represented in Fig. 9 and in Fig. 10. In the case ’’stiff layer over 
soft half-space” similar results arise as in the case of a ballasted track on a 
homogeneous half-space. In comparison with the results of the homogeneous 
half-space the static flexibilities are a little bit greater due to the influence 
of the softer underlying layer. After this, the decrease is stronger than in 
the homogeneous case. The reasons are the lower natural frequency of the 
complete system, the reduced radiation damping of a layer system and in the 
higher stiffness of the upper layer. Regarding the comparison of the different 
models, the same is valid as in the case of the homogeneous half-space. 

Fig. 10 shows the flexibilities of the case ’’soft layer over stiff half-space”. In 
difference to the flexibilities represented before, a strong system resonance 
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Fig. 10. Flexibility of the ballasted track on a soft layer over stiff half-space 



occurs. The calculated resonance amplifications are different in the different 
models. The largest amplification arise in the context of the analytic mod- 
els. A resonance of the ballast block which is greater than in the case of a 
homogeneous half-space develops in addition there. After this a good rela- 
tive agreement of the results of the continuum models can be stated. The 
lowest amplification with an increase of the flexibility functions at the upper 
frequency range can be seen in the results of BAM. The reason is certainly 
the modelling of the pad element by a one-dimensional bar element with 
hysteretic damping. 

In Fig. 11 the flexibilities of the rail at the adjacent sleeper no. 1 are pre- 
sented. The flexibilities of this first adjacent sleeper correspond to those of 
the directly loaded sleeper with regard to the frequency as well as with regard 
to the amplitude. With regard to the frequency behaviour all models describe 
the flexibilities in the same way. The results of the TU Berlin (Savidis) and 
the Ruhr University of Bochum (Schmid) are almost identical. The differences 
in the results of the analytical models compared with the numerical models 
are caused by the different modelling of the contact surface between subsoil 
and ballast. The reason of the differences at the upper frequency range shown 
in the results of the model of BAM are due to the hysteretic damping of the 
pad element in comparison with the viscous damping of all other models. The 
deviations at the low-frequent range are created by the different formulation 
of the stiffness matrix of the subsoil and in the build up procedure of the 
track system by different finite elements. 

Finally in Fig. 12 the flexibilities of the track at the third (unloaded) sleeper 
are given. In principle all models describe the flexibility behaviour in good 
agreement. The observed deviations in the static range follow the reasons 
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Fig. 11. Flexibility of the rail at the first adjacent sleeper, ballasted track on ho- 
mogeneous soil 
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Fig. 12. Flexibility of the rail at the third adjacent sleeper, ballasted track on 
homogeneous soil 
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given above. The slightly greater results of the flexibilities of the analytic 
models at the upper frequency range in comparison with the other mod- 
els arise presumably from the missing coupling of stiffness and the missing 
radiation damping of the ballast modelled as a block. 



5.2 Slab Track 

The benchmark-test of slab track systems start with measurements made on 
operational tracks. In Fig. 13 flexibility functions for test points at the rail, 
at the sleeper or plate, at HGT and at the underground are presented. Be- 
cause of the very soft pad normally built-in at this track type the largest 
flexibilities appear at the rail. The values of the flexibility are almost com- 
pletely determined by the respective stiffness of the pad. In contrast to the 
ballasted track, a relatively large resonance is found at 120 Hz which arises 
from the rail vibrating on the pad. At higher frequencies a steady decrease 
of the flexibilities has to be stated. The flexibilities of the sleepers, the plate 
and the HGT are much smaller than those of the rail. There is hardly no 
difference in the magnitudes and also in the phases, which are not presented 
here. Therefore the conclusion can be drawn from this measurement result 
that the flexibilities are determined predominantly by the dynamic quantities 
of rail and pad for this track type. A detailed modelling of the plate, HGT 
and underground is of subordinate importance here. 

T2E-08 -- 
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Fig. 13. Measured flexibility function of a slab track 



Fig. 14 shows the flexibilities calculated with the different models of this 
track type. The results of all models are in very good agreement. There exist 
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only small differences in the static range and in the range around the rail- 
pad-resonance. Since the type of the modelling of the slab and the HGT 
is of minor importance as long as the general stiffness and masses agree, 
the observed small deviations have to be ascribed to the formulation of the 
stiffness matrix of the subsoil. The relatively small deviations in the range 
of the resonance arise from influences of the material damping used in the 
models. 




frequency in Hz 



Fig. 14. Flexibility of the rail of the slab track on homogeneous soil 



6 Summary 

During the DFG-priority program ’’System dynamics and long-term behaviour 
of vehicle, track and subgrade” models for the calculation of the system 
’’vehicle-track-subgrade” have been developed. A Benchmark test was ar- 
ranged between different research partners in order to proof and to validate 
the models and the different calculation procedures used. The comparison of 
different tracks and modelling procedures led to the following results for the 
case of the ballasted track: 

The number of the sleepers taken into account in a track model affects only 
marginally the static flexibility. For frequencies higher than 20 Hz the flexibil- 
ities are almost identical independent of the number of sleepers. The type of 
the material damping of the ballast (viscous, hysteretic) has no influence on 
the static value but affects the flexibility functions with increasing frequency 
where a viscous damping leads to smaller values of the flexibility functions. 
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The coupling boundary condition between ballast and subsoil is of relatively 
great importance with regard to the amplitudes of the flexibility functions up 
to approximately 50 Hz. In the presented results of this benchmark test an 
incomplete coupling of all degrees of freedom (relaxed boundary conditions) 
leads to about 15% greater flexibilities. Using a complete coupling the real 
conditions will be modelled in a better way. The modelling of the ballast as 
an uncoupled block element produces a resonance frequency, which is not ob- 
served by measurements. This effect can be reduced using mass proportional 
damping. The flexibility of the complete system is influenced mainly by the 
way to calculate the stiffness matrix of the subsoil, by the fineness of the dis- 
cretization for the finite element part of the model as well as by the choice of 
the finite elements itself. All models describe the behaviour of a layered half- 
space sufficiently. As a result of the reduced radiation damping in the case of 
a layered half-space, resonance effects may be possible in block-ballast mod- 
els. The flexibility functions of adjacent sleepers are described sufficient well 
by all models. Therefore analytic models which include the coupling through 
the subsoil only in an approximative way are suitable for the modelling of 
extended sleeper systems, too. 

With respect of the obtained results for slab track systems the following 
conclusions can be drawn: 

For all models there is a sufficient agreement between numerical and exper- 
imental results. It is not necessary to model sleepers, slab and consolidated 
soil separately. The stiffness of the subsoil is only slightly important to the 
flexibility functions of the rail and the sleepers at the frequency range up to 
40 Hz. The type and the values of the material damping of the pad element 
has great influence on the values of the flexibility function of a slab track 
system. 

Generally it has to be noted, that the flexibility function of all analyzed sys- 
tems are described sufficiently well by all models. The deviations which could 
not be finally explained at the present time can be clarified with additional 
calculations of coordinated models. 
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